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ABSTRACT 
 
 
 
Enterohemorrhagic Escherichia coli O157:H7 (EHEC) and enteropathogenic E. coli O127:H7 
(EPEC) induce characteristic F-actin rich pedestals on infected mammalian cells.  Each pathogen 
delivers its own translocated intimin receptor (Tir) to the host cell to act as a receptor for the 
bacterial outer membrane adhesin, intimin.  Interaction of translocated Tir with intimin is 
essential for mammalian cell binding and host colonization, as well as to induce actin pedestal 
formation in vitro.  In spite of these parallels, EHEC and EPEC Tir appear to generate actin 
pedestals by distinct mechanisms.  Further, while the ability to form actin pedestals is a striking 
phenotype, the function of pedestals during infection remains unclear.  To address these issues, a 
systematic and quantitative analysis of Tir-mediated actin assembly was conducted.  We 
identified a three-residue Tir sequence involved in actin pedestal formation for both EHEC and 
EPEC, and developed evidence that the two pathogens trigger a common pathway for actin 
assembly.  Further, the ability of these bacteria to promote actin assembly appears to promote 
both intimin-mediated bacterial binding in vitro and optimal colonization during experimental 
animal infection.  
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CHAPTER I 
INTRODUCTION 
 
 
 Enterohaemorrhagic Escherichia coli O157:H7 (EHEC) and enteropathogenic 
Escherichia coli O127:H6 (EPEC), significant causative agents of diarrheal illness worldwide, 
belong to a family of human enteric pathogens that, upon colonization of the intestinal 
epithelium, promote the generation of hallmark ‘attaching and effacing’ lesions (A/E lesions) 
(Nataro and Kaper, 1998).  Included in this family of bacteria are the rabbit enteropathogenic E. 
coli serotype O103:H2 (RPEC) and the mouse pathogen Citrobacter rodentium, all of which can 
colonize the intestine of their respective hosts and produce A/E lesions.  These structures are 
distinguished by the localized destruction of the intestinal microvilli, the intimate attachment of 
the bacterium with the host cell and the accumulation of filamentous (F)- actin beneath the sites 
of bacterial adhesion (Donnenberg and Whittam, 2001; Kaper et al., 2004; Knutton et al., 1989).  
Though the purpose of these pedestals still remains unknown, disruption of genes critical for the 
formation of these structures has a consequence on bacterial colonization.  In gnotobiotic piglet, 
rabbit and mouse infection models, using EHEC, RPEC and C. rodentium, respectively, mutants 
lacking two critical bacterial factors, intimin and Tir (translocated intimin receptor) were unable 
to generate A/E lesions or promote clinical disease (Brady et al., 2007; Deng et al., 2003; 
Marches et al., 2000a; Ritchie et al., 2003; Tzipori et al., 1995).   
Within the bacterial chromosome lies a contiguous 35kb pathogenicity island known as 
the locus of enterocyte effacement (LEE) encoding all of the genes necessary for directly 
delivering bacterial effectors into the host cell to perturb host cell functions (Jarvis et al., 1995).  
This remarkable capacity is accomplished through the action of a specialized protein export 
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This Introduction is the result of a collaborative effort with Pamela Savage, as both her 
thesis and this one share over-lapping objectives. 
apparatus called the Type III secretion system (TTSS) (Cornelis, 2006).  Spanning the inner and 
outer membranes of the bacterium is a multiprotein basal export complex that includes an 
ATPase, EscN, critical for the function of the apparatus (Daniell et al., 2001; Wilson et al., 
2001).   Distal to the basal body are components that form a filamentous appendage extending 
from the bacteria to the host cell (Knutton et al., 1998).   Two translocators, EspB and EspD, that 
promote pore formation in mammalian membranes, are thought to be localized at the tip of this 
appendage, allowing the TTSS to act as a conduit through which effectors are delivered directly 
into the host cell cytoplasm (Ide et al., 2001; Ogino et al., 2006; Sekiya et al., 2001).   
An increasing number of EHEC and EPEC effector substrates, encoded both on the LEE 
and in other loci, that transit the TTSS have been identified, and include EspF and Map, both 
thought to be involved in disruption of tight junctions, and two effectors involved in actin 
pedestal formation, Tir (Translocated intimin receptor/EspE) and EspFU (TccP) (Abe et al., 
1998; Campellone et al., 2004b; Elliott et al., 1998; Elliott et al., 2001; Garmendia et al., 2004; 
Kenny et al., 1996; Kenny et al., 1997; Kenny and Jepson, 2000; Marches et al., 2003; 
McNamara et al., 2001; Tobe et al., 2006; Wolff et al., 1998).  Tir, which is the best defined type 
III effector and absolutely required for actin pedestal formation, was initially identified in EPEC 
as a type III secreted effector in 1997 by Kenny et al. and serves as a receptor for the bacterial 
outer membrane protein, intimin (Kenny et al., 1997). 
To generate actin pedestals upon delivery, Tir is inserted into the plasma membrane in a 
hairpin-like conformation with the N- and C-terminal regions of the protein located in the host 
cytoplasm and the central region of the protein exposed in the extracellular milieu (de Grado et 
al., 1999).  The Tir extracellular domain is then recognized by intimin, a step that results in the 
intimate attachment that is required for EHEC and EPEC colonization. Tir-intimin binding also 
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results in clustering of Tir in the plasma membrane, an essential step in triggering actin assembly 
(Campellone et al., 2004a).  Indeed, artificial clustering of EPEC Tir using an antibody against 
the extracellular portion of the effector promotes actin condensation, and clustering of the 
cytoplasmic domain of Tir in the absence of any Tir extracellular domain results in localized 
actin assembly  (P. Radharkrishnan, thesis).  Finally, the intracellular domains of Tir initiate the 
last step of actin pedestal formation through the recruitment of the actin machinery to the sites of 
bacterial attachment.  The N-terminus has been shown to interact with actin-binding proteins 
such as α-actinin, and may play a role in pedestal formation (Goosney et al., 2000).  However, 
while Tir derivatives lacking the N-terminus can still function in pedestal formation by EHEC or 
EPEC, the C-terminal cytoplasmic domain contains sequences that are absolutely required to 
trigger actin assembly (Campellone et al., 2004a; Campellone et al., 2006).   
N-WASP and Arp2/3 are required for pedestal formation 
 
 The N-WASP-Arp2/3 pathway is one of the best-defined pathways to actin filament 
formation and central to the ability of EPEC and EHEC Tir to generate pedestals.  Arp2/3 is a 
seven-member complex that under basal conditions has little ability to stimulate the nucleation of 
monomeric, globular (G-) actin.  However, in the presence of a nucleation promoting factor, such 
as N-WASP (neuronal Wiskott Aldrich syndrome protein), Arp2/3 nucleates monomeric or (G-) 
actin into filamentous (F-) actin, generating filaments characteristically branched at 700 angles 
(Goley and Welch, 2006). Both N-WASP and the Arp2/3 complex accumulate at the tips of 
EPEC-induced actin pedestals (Goosney et al., 2001; Kalman et al., 1999) and cells that are 
deficient in N-WASP or that overexpress dominant-negative forms of N-WASP that inhibit 
Arp2/3 function do not support pedestal formation by EHEC or EPEC (Benesch et al., 2002; 
Kalman et al., 1999; Lommel et al., 2004).  
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 The nucleation-promoting factor N-WASP is under tight regulatory control, and acts as 
an “integrator” of multiple stimuli to regulate actin nucleation by Arp2/3.  As such, N-WASP is 
comprised of four major domains, each with a distinct function. The C-terminal verprolin-
connector-acidic (VCA) domain is the “effector” domain, as the V subdomain binds actin 
monomers while the CA subdomain interacts with the Arp2/3 complex, stimulating the 
nucleation of G-actin to F-actin. The N-terminus of N-WASP consists of the WASP homology 1 
(WH1) domain, the GTPase binding domain (GBD), and the proline-rich domain (PRD), each of 
which influences the activity of N-WASP.  When N-WASP is in the basal, or autoinhibited, 
state, the VCA domain is sequestered by an interaction between the C subdomain and the GBD.  
Activation signals disrupt this autoinhibited state, freeing the VCA domain to interact with the 
Arp2/3 complex [(Takenawa and Suetsugu, 2007)].  
Activation of N-WASP can occur through its interaction with phospholipids, small 
GTPases or SH3 domain-containing proteins, and each of the N-terminal N-WASP domains is 
capable of receiving input from different sources (Prehoda et al., 2000; Rohatgi et al., 2000; 
Rohatgi et al., 2001b).  The WH1 domain binds to a proline-rich region of members of the 
WASP-interacting protein (WIP) family.  Included in this group of proteins are WIP, the WIP-
like proteins WICH/WIRE and the neuronally expressed CR-16 (Aspenstrom, 2002, 2004; Ho et 
al., 2001; Kato et al., 2002; Ramesh et al., 1997).  A small basic region located in the N-WASP 
GBD binds to phosphoinositides, whereas the CRIB (Cdc42-Rac interactive binding) sequence 
within the GBD binds small GTPases, like Cdc42, which is important for the generation of actin-
rich structures such as filopodia (Miki et al., 1998; Rudolph et al., 1998).  While Cdc42 and 
phosphoinositides can individually activate N-WASP, together they act synergistically (Rohatgi 
et al., 1999; Torres and Rosen, 2006). SH3- and SH2-containing adaptors, such as Nck, Grb2 
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and CrkII, can utilize their SH3 domains to bind and activate N-WASP via its PRD, while their 
SH2 domains serve as adaptors to link activation of the actin machinery to tyrosine 
phosphorylation, often located at the plasma membrane (Benesch et al., 2002; Carlier et al., 
2000; Rohatgi et al., 2001b; Tang et al., 2005). 
Nck-mediated actin assembly stimulated by EPEC Tir 
 
 An early hint of the mechanism of pedestal formation induced by EPEC was the 
observation that EPEC Tir becomes phosphorylated on tyrosine residue 474 (Y474) in the C-
terminal domain, and replacement of residue Y474 by phenylalanine severely impairs actin 
assembly (DeVinney et al., 2001a; Kenny, 1999).  Distinct host cell kinases have been 
implicated in Tir phosphorylation.  Phillips et al have shown that when Tir is first delivered to 
host cells using an EPEC strain lacking intimin and then subsequently clustered, c-Fyn is 
responsible for phosphorylating Tir (Phillips et al., 2004). Contrastingly, Swimm et.al, utilizing 
an EPEC strain expressing both intimin and Tir, found that Arg, Abl, or Tek kinases, recruited to 
Tir by recognition of a proline-rich region in the Tir N-terminus, are capable of phosphorylating 
Tir Y474 (Swimm et al., 2004a).   
 Regardless of which kinase is responsible for phosphorylating Y474, this event creates a 
binding site for the adaptor Nck, which is recruited to EPEC pedestals in a Y474-dependent 
fashion (Campellone et al., 2002; Gruenheid et al., 2001). Nck is involved in a variety of 
eukaryotic processes including formation of the immunological synapse, generation of the 
podocyte intracellular junction in the kidney, photoreceptor axon guidance and targeting in 
Drosophila, and actin filament formation and cell motility (Davis, 2002; Jones et al., 2006; Rao, 
2005; Rivera et al., 2006; Tryggvason et al., 2006; Verma et al., 2006). Nck is comprised of 
three tandem SH3 (Src homology-3) domains and a C-terminal SH2 domain. Each of the three 
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SH3 domains are capable of binding proline-rich sequences in a variety of actin cytoskeletal 
proteins, though some domains exhibit a preference for specific binding partners (Wunderlich et 
al., 1999). The Nck SH3 domains activate N-WASP in vitro (Rohatgi et al., 2001b), and 
artificial clustering of the three of the Nck SH3 domains at the plasma membrane of transfected 
mammalian cells results in localized actin assembly, indicating that these domains can stimulate 
actin polymerization (Rivera et al., 2004). In the case of EPEC, clustering of Nck SH3 domains 
at the plasma membrane is promoted by the Nck SH2 domain (Gruenheid et al., 2001), which is 
capable of binding to a 12-amino acid peptide encompassing phosphorylated Y474 (Campellone 
et al., 2002). Indeed, clustering of this peptide is sufficient to stimulate actin assembly in 
cultured cells, and latex beads coated with this peptide, when added to Xenopus egg extracts, are 
able to promote the accumulation of filamentous actin (Campellone et al., 2004a). For efficient 
EPEC actin signaling, the requirement for Nck was rigorously documented by demonstrating that 
EPEC pedestal formation is impaired on Nck-null cells or cells that overexpress the Nck SH2 
domain (Gruenheid et al., 2001).  
EPEC triggers actin pedestal formation using Nck-independent pathways  
 
 Although depletion of Nck from Xenopus egg extracts abolished actin assembly mediated 
by the Tir Y474 phosphopeptide (Campellone et al., 2004a), and EPEC pedestal formation was 
somewhat impaired on Nck-null fibroblasts (Gruenheid et al., 2001), Campellone et al noted that 
EPEC retained the ability to generate pedestals on Nck-null cells, albeit of low intensity upon 
phalliodin-staining and at a frequency four-fold lower than that observed on wild type 
fibroblasts. N-WASP and Arp2/3 localized to these pedestals, and inhibition of Arp2/3 blocked 
their formation, indicating that Nck-independent pedestal formation stimulated the well-
characterized N-WASP-Arp2/3 pathway. Substitution of the Y474 to phenylalanine (Y474F) 
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decreased, but did not abolish Tir tyrosine phosphorylation and actin pedestal formation, leading 
to the identification of a Nck-independent signaling pathway initiated by TirY454, a tyrosine 
residue twenty amino acids N-terminal to Y474.   
Divergence in actin pedestal formation by EHEC 
 Despite their overall relatedness, EPEC and EHEC appear to trigger actin pedestal 
formation by fundamentally distinct Tir-mediated actin signaling pathways.  A comparison of the 
cytoplasmic domains of EPEC and EHEC Tir is consistent with this idea, as these molecules 
only share approximately 60% and 40% identity, respectively, in their N- and C-terminual 
cytoplasmic domains (Campellone et al., 2002).  In particular, EHEC Tir does not possess an 
equivalent to EPEC Tir Y474, and correspondingly is neither detectably tyrosine phosphorylated 
in the host cell nor dependent on Nck for pedestal formation (DeVinney et al., 2001a; Kenny, 
2001). As a result, EHEC Tir does not complement EPECΔtir (Campellone et al., 2002; 
DeVinney et al., 2001a; Kenny, 2001).  In contrast, EPEC Tir can complement an EHECΔtir 
mutant.  However, this function does not depend on Y474, the residue central to Nck-mediated 
actin pedestal formation.  Whereas artificial clustering of ectopically expressed EPEC Tir is 
sufficient to promote actin pedestal formation, EHEC delivers a second type III-secreted 
bacterial effector, EspFU (TccP), that is required for efficient Nck-independent actin assembly 
(Campellone et al., 2004b; Garmendia et al., 2004), as deletion of espFU results in an 
approximately 10-fold reduction in actin pedestal formation (Campellone et al., 2004b). EspFU 
contains 6 nearly identical 47-residue proline-rich repeats and shares 25% sequence identity with 
EspF, which, as mentioned above, promotes disruption of tight junction (McNamara et al., 2001; 
Viswanathan et al., 2004).  Indeed, EspFU can complement an EPECΔespF mutant for this 
function (Viswanathan et al., 2004).  In contrast, an EspF mutant is not compromised for actin 
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pedestal formation, demonstrating EspFU possesses a unique function in generating actin 
pedestals (Campellone et al., 2004b; Garmendia et al., 2004). 
 During pedestal formation, EHEC recruits N-WASP and the Arp2/3 complex to sites of 
bacterial attachment in a Tir- and EspFU-dependent fashion (Campellone et al., 2004b).  Indeed, 
the C-terminus of EspFU directly binds the GBD of N-WASP, activating it in vitro (Campellone 
et al., 2004b; Garmendia et al., 2004), a result consistent with observation that N-WASP GBD 
and VCA domains are necessary and sufficient to promote actin pedestal formation by EHEC on 
N-WASP deficient fibroblasts (Lommel et al., 2004).    
 Tir, N-WASP and EspFU co-immunoprecipitate, indicating that they form a complex.  
The critical information in Tir required for the recruitment of EspFU resides within a 12-residue 
segment of the EHEC Tir C terminus, amino acids 452 - 463 (Campellone et al., 2006). This 
segment does not appear to interact directly with EspFU, as numerous attempts to demonstrate 
direct Tir-EspFU binding have thus far failed (Campellone et al., 2004b)(unpublished 
observations), suggesting that an additional factor, likely encoded by the host, promotes the 
formation of the putative complex.  Interestingly, EHEC Tir residues 452-463 encompass Y458, 
a tyrosine that corresponds to EPEC Tir Y454, which was previously shown to be important for 
low-level, Nck-independent pedestal formation (Campellone and Leong, 2005).  The fact that 
homologous residues have been implicated in Nck-independent pedestal formation by EHEC and 
EPEC might reflect a functional link between the two pathways.   
 The requirement for intimin and Tir during infection of mammalian hosts is well 
established (Campellone et al., 2006; Ritchie and Waldor, 2005; Tzipori et al., 1995) as 
complete disruption of either gene severely impairs host intestinal colonization.  However, 
several attempts to identify a role specifically for F-actin assembly during infection have been 
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unsuccessful. For example, a C. rodentium strain expressing a Tir mutation, (Y471F) equivalent 
to EPEC Tir Y474F, which abrogates tyrosine phosphorylation and actin pedestal formation in 
vitro, still efficiently colonized mice and formed A/E lesions detectable by EM (Deng et al., 
2003). Similarly, an EPEC strain expressing a Tir derivative lacking both Y474 and Y454 and 
unable to recruit actin in vitro generated A/E lesions on human intestinal explants (Schuller et 
al., 2007).  Finally, an EHEC espFU mutant forms A/E lesions in bovine ligated loops and 
colonizes the intestine of infected calves and lambs indistinguishably from wild type (Vlisidou et 
al., 2006).  
Actin pedestal formation by EHEC and EPEC 
 Actin pedestal formation by EHEC and EPEC is a complex, multi-step process requiring 
the coordinated action of both bacterial and host cell factors (Figure  1). Actin pedestals, because 
they represent such a visually striking lesion, have been studied intensively, and several key 
mechanistic aspects of pedestal formation have been uncovered.  Nevertheless, important 
questions remain outstanding, and are addressed in the studies described here. 
1. The major pathway for pedestal formation by epec is dependent on TirY474 and Nck, 
whereas EHEC Tir lacks Y474 and generates pedestal in the absence of Nck.  Recent 
work indicates that EPEC also promotes pedestal formation by a Nck-independent 
mechanism.  What is the relationship, if any, between the Nck-independent pathways of 
EPEC and EHEC? 
2. Pedestal formation has been assumed to serve an important biological purpose.  However, 
analysis of EHEC in reservoir hosts revealed no colonization function of EspFU, which 
dramatically increases the efficiency of localized actin assembly by EHEC.  Might a 
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colonization function of EspFU be revealed in other experimental animals, e.g., in disease 
models of EHEC? 
3. Should it be determined that actin assembly does function to promote colonization, what 
step in colonization is affected by this process? 
Careful examination of actin pedestal formation by EPEC and EHEC may provide further 
insight into the relationship of the pathways they trigger, and into the biological function of 
actin signaling by this class of pathogens.  
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Figure 1. Current model of Tir-mediated actin assembly by EPEC and EHEC 
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CHAPTER II 
ENTEROHAEMORRHAGIC AND ENTEROPATHOGENIC ESCHERICHIA COLI TIR 
Summary 
ted enterohemorrhagic and enteropathogenic Escherichia coli (EHEC and EPEC, 
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PROTEINS TRIGGER A COMMON NCK-INDEPENDENT ACTIN ASSEMBLY 
PATHWAY 
Closely rela
respectively) each translocate Tir protein into the host plasma membrane to generate F-actin 
pedestals in epithelial cells beneath adherent bacteria.  Surprisingly, Tir proteins of canonical
EHEC and EPEC strains stimulate actin assembly differently.  The major pathway mediated by
EPEC Tir involves recruitment of the host adaptor protein Nck after phosphorylation of tyrosine
residue 474 (Y474), while an inefficient, Nck-independent pathway is mediated by 
phosphotyrosine 454 (Y454). In contrast, EHEC Tir lacks Y474, generates pedestals
independent of Nck, and utilizes residues 452-463 to recruit EspFU, an EHEC-specific effector o
actin assembly encoded on a cryptic prophage. We report here that three contiguous EHEC Tir 
residues, NPY458, are required for EspFU recruitment and pedestal formation. Intriguingly, EHE
Tir Y458 is homologous to EPEC Tir Y454, which also occurs as part of an NPY sequence, and 
we found that each of the EPEC Tir NPY454 residues is important for Nck-independent pedestal 
formation. Introduction of EspFU into EPEC dramatically enhanced the efficiency of the Nck-
independent actin assembly pathway of EPEC Tir in a manner dependent on NPY454, indicatin
that EPEC and EHEC Tir trigger a common Nck-independent actin assembly pathway. These 
results suggest that EPEC and EHEC Tir are each derived from a Tir molecule that utilized NP
to stimulate low-level pedestal formation. Canonical EPEC strains apparently have acquired an 
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efficient Nck-binding Tir sequence, while canonical EHEC strains have amplified the NPY-
signaling by acquiring an EspFU-expressing prophage.  
Introduction 
Enterohemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli (EPEC) are 
major c d 
 to 
 
auses of diarrheal illness worldwide and are closely related members of the attaching an
effacing (AE) family of Gram-negative enteric pathogens.  AE pathogens generate a hallmark 
lesion on intestinal epithelia characterized by a loss of microvilli, intimate bacterial attachment
the host cell and the generation of filamentous (F)-actin rich pedestal structures beneath the host 
cell membrane at sites of attached bacteria (For review, see (Caron et al., 2006; Kaper et al., 
2004)). To generate actin pedestals, both pathogens utilize a type III secretion system (TTSS)
encoded by the highly conserved locus of enterocyte effacement (LEE) to translocate bacterial
effectors into the mammalian cell (for review, see (Garmendia et al., 2005a; Hayward et al., 
2006)). One effector required for pedestal formation is Tir (translocated intimin receptor, also
known as EspE; (Deibel et al., 1998; Kenny et al., 1997)), which adopts a hairpin loop 
conformation in the host cell plasma membrane with N- and C-terminal intracellular dom
and a central extracellular domain that binds to the bacterial outer membrane protein intimin. 
The clustering of Tir in the host cell membrane upon intimin binding initiates a signaling casc
leading to actin pedestal formation (Caron et al., 2006).  
Despite the relatedness of EPEC and EHEC and th
 
 
ains 
ade 
e overall similarity of their Tir 
molecu
pellone et 
les, the canonical EPEC and EHEC strains (serotypes 0127:H6 and O157:H7, 
respectively) appear to trigger actin signaling by fundamentally different means (Cam
al., 2002; DeVinney et al., 2001b; Kenny, 2001).  For EPEC, pedestal formation is triggered 
after residue tyrosine 474 (Y474), located within the C-terminal cytoplasmic domain of Tir 
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(Kenny, 1999), becomes phosphorylated by mammalian kinases (Phillips et al., 2004; Swim
al., 2004b), thereby generating a docking site for the SH2 domain-containing mammalian 
adapter proteins Nck1 and Nck2 (hereafter referred to collectively as Nck)(Campellone et a
2002; Gruenheid et al., 2001).  Nck, in turn promotes recruitment of all the components require
for N-WASP-Arp2/3-mediated actin assembly (Rivera et al., 2004; Rohatgi et al., 2001a). Tir is 
the only translocated EPEC factor required for pedestal formation, and in fact, clustering of a 12-
residue region of EPEC Tir encompassing phosphorylated Y474 is sufficient to recruit Nck and 
initiate actin assembly in cell-free extracts (Campellone et al., 2004a). 
A Y474F mutation in EPEC Tir abrogates the Nck-mediated pat
m et 
l., 
d 
hway, and also uncovers 
a secon
ires 
is 
t et al., 
estals by a mechanism distinct from EPEC, because 
d pathway that generates actin pedestals at approximately one-tenth the efficiency of 
wild-type EPEC Tir (Campellone and Leong, 2005).  This Nck-independent mechanism requ
a second C-terminal tyrosine residue at 454 (Y454), 20 residues away from Y474, that is 
phosphorylated inefficiently. The dual contributions of Y474 and Y454 to actin assembly 
reminiscent of the vaccinia virus A36R protein, which stimulates actin assembly via one 
phosphotyrosine that recruits Nck, and another that recruits the adaptor Grb2 (Frischknech
1999) Thus, a simple model is that EPEC Tir Y454 binds a second signaling adaptor that leads to 
actin assembly. However, the putative adaptor for EPEC Tir Y454 is not known and is unlikely 
to be Grb2, since a phosphorylated Tir Y454 peptide does not bind Grb2 in vitro and ectopic 
expression of the SH2 domain of Grb2 does not diminish pedestal formation by 
EPEC(Campellone and Leong, 2005).  
 EHEC O157:H7 generates actin ped
EHEC Tir does not possess an equivalent to EPEC Tir Y474 (Perna et al., 1998), is apparently 
not tyrosine phosphorylated (Deibel et al., 1998; DeVinney et al., 1999b; Kenny, 1999), and 
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does not recruit or require Nck for actin assembly (Campellone et al., 2002; Gruenheid et al., 
2001). Instead, EHEC translocates an effector, EspFU (also known at TccP), encoded on a cryp
prophage, which acts in concert with Tir to promote efficient pedestal formation (Campellone et 
al., 2004b; Garmendia et al., 2004); an EHEC espF
tic 
b). EspFU 
is of 
, 
ery 
 protein 
ee-residue sequence, NPY458, within the 452-463 
 that 
s 
U mutant generates pedestals at 
approximately one-tenth the frequency of wild-type EHEC (Campellone et al., 2004
directly binds and activates N-WASP, and these two proteins, along with Tir, are part of a 
complex that can be immunoprecipitated from infected mammalian cells.  Recently, analys
the function of Tir derivatives expressed in mammalian cells by transfection revealed that a 12-
amino acid peptide within the C-terminus of EHEC Tir, residues 452 - 463, is required for 
recruitment of EspFU and for actin pedestal formation (Campellone et al., 2006).  Similarly
deletions that disrupted this sequence also abrogated Tir function in actin assembly after deliv
by the EHEC type III secretion system (Allen-Vercoe et al., 2006a).  However, no direct 
interaction between EspFU and Tir has yet been detected, suggesting that a host protein or
complex may function to link Tir to EspFU.    
 In the current study, we identified a thr
region in C-terminus of EHEC Tir, which is critical for EspFU recruitment and for pedestal 
formation. Interestingly, Y458 of EHEC Tir is homologous to EPEC Tir Y454, which also 
occurs as part of an NPY sequence, and Allen-Vercoe and coworkers recently demonstrated
the region of EPEC Tir encompassing residue Y454 was required to complement an EHECΔtir 
mutant for Nck-independent pedestal formation (Allen-Vercoe et al., 2006a). Here, analysis of 
the three NPY residues by substitution mutagenesis of EPEC and EHEC Tir revealed that each i
critical for Nck-independent pedestal formation by both pathogens.  Introduction of EspFU into 
EPEC dramatically enhanced the efficiency of the Nck-independent actin assembly pathway of 
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EPEC Tir in a manner dependent on the EPEC Tir NPY454 sequence, indicating that EPEC and 
EHEC Tir trigger a common Nck-independent actin assembly pathway. 
Experimental procedures 
Strains and plasmids  
The EHEC and EPEC strains used in this study have been described previously and are listed 
erate 
 
 as described previously (Campellone et al., 2004b; 
ladt 
g, 
blotting 
cterial and mammalian cell lysates was performed as described previously 
SM) 
(Table 1).  Site-directed point mutagenesis of HA-tagged EPEC Tir (pKC17) or EHEC Tir 
(pKC16) was performed by PCR as described previously (Campellone et al., 2002). To gen
substitution and deletion mutations of pHN Mini-Tir, the sequence encoding residues 452-463 
was excised with KpnI and SacII, and replaced by annealed synthetic oligonucleotides encoding
the desired sequence. A description of all templates, plasmids, and primers used during plasmid 
constructions is included (Tables 2 and 3).  
Bacterial and mammalian cell culture 
All E. coli strains (Table 1) were grown
Campellone and Leong, 2005). HeLa cells, Nck1/Nck2-deficient and Nck1-rescued MEFs (B
et al., 2003) were cultured and transfected as described previously (Campellone et al., 2004a; 
Campellone et al., 2006). For microscopic and biochemical analysis, mammalian cells were 
grown and infected as described previously (Campellone et al., 2004b; Campellone and Leon
2005). 
Immuno
Preparation of ba
(Campellone et al., 2002; Campellone et al., 2004b).  Samples were resolved by 10% SDS 
PAGE prior to PVDF membrane transfer.  Membranes were blocked in PBS + 5% milk (PB
for 30 minutes before treatment with mouse anti-HA HA.11 (1:1000 in PBSM; Covance), mouse 
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anti-tubulin (1:1000; Neomarkers), or rabbit anti-OmpA (1:2000; gift of Carol Kumamoto) for 2 
hours, washed and treated with secondary antibodies as described previously (Campellone et al., 
2004b; Campellone and Leong, 2005; Campellone et al., 2006).  Immunoblotting of OmpA 
resulted in two species, as previously described (Torres and Kaper, 2003), and for clarity, on
the slower migrating (~35kDa) species is shown.  For each set of immunoblots, similar results 
were obtained in at least 3 independent experiments. 
Immunofluorescence Microscopy and Quantitation of
ly 
 Pedestal Formation 
C, monolayers were 
ies 
oci”) and 
pically expressed HN-MiniTir or its derivatives, 
transfec
ntitated 
 
y in 
To quantitate pedestal formation by Tir mutants delivered by EHEC or EPE
infected, fixed and permeabilized as described previously (Campellone et al., 2002), and treated 
with the anti-HA mAb HA.11 (1:500 in PBS; Covance), rabbit anti-HA (1:1000 in PBS; Sigma) 
and/or mouse anti-myc 9E10 (1:250 in PBS + 1% BSA; Santa Cruz) for 30 minutes prior to 
washing and addition of Alexa 488 goat anti-mouse and/or Alexa 568 goat anti-rabbit antibod
(1:200; Molecular Probes).  Bacteria and F-actin were detected as described previously 
(Campellone et al., 2006). F-actin foci that co-localized with anti-HA-stained Tir (“Tir f
DAPI-stained bacteria were scored for 10 – 50 infected HeLa cells, and the percentage of Tir 
foci associated with pedestals was calculated.  
To quantitate pedestal formation by ecto
ted HeLa cells were infected with EHECΔtirΔespFU/pEspFU-myc as described 
(Campellone et al., 2006).  The percentage of Tir foci associated with pedestals was qua
on ten Hela cells for each HN-MiniTir derivative in 3 – 6 independent experiments, and at least a
total of 94 Tir foci were scored. The low level but detectable frequency of localized actin 
assembly observed for HN-MiniTirΔC in this study (Fig. 2) contrasts with a previous stud
which no pedestals were scored (Campellone et al., 2006), and likely reflects a less stringent 
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scoring threshold for positive F-actin staining. For statistical analysis, the proportion of Tir fo
with pedestals were modeled separately for strain background (i.e., each mutant and wild type) 
and Tir delivery system (i.e., bacterial translocation vs. ectopic expression) using generalized 
linear mixed models (GLMM)(Liang and Zeger, 1986; Stukel, 1993; Wolfinger and O'Connell
1993), assuming a binomial distribution and a logit link function and treating experiments as a 
random factor.  When this analysis indicated significant differences between tir types, pair-wise
comparisons were performed using Tukey’s HSD test (Winer, 1971) using the fitted 
variance/covariance matrix.  Models were fit using the SAS Proc GLIMMIX procedu
Institute Inc., Cary, NC, 2005) in the SAS statistical software package (SAS 9.1.3, SAS Institu
Inc., Cary, NC, 2006). 
Results 
ci 
, 
 
re (SAS 
te 
r mutants N456A, P457A, and Y458A are defective for actin assembly. 
ain of EHEC 
EPEC, a 
 all of the 
 
to mammalian cells, wild type EHEC Tir is phosphorylated on 
serine residues 436 and 437 by protein kinase A (Allen-Vercoe et al., 2006b), resulting in an 
EHEC Ti
A 12-residue region, amino acids 452-463, within the C terminal cytoplasmic dom
Tir is critical for actin pedestal formation (Campellone et al., 2006).  To identify the specific 
amino acids required for pedestal formation, the non-alanine residues of this region of an HA-
tagged Tir protein were mutated to alanine, while Tir alanine 459 (A459) was changed to 
glycine. In addition, given the importance of tyrosine phosphorylation for signaling by Tir
phenylalanine substitution of residue tyrosine 458 (Y458) was generated.  Anti-HA 
immunoblotting of bacterial lysates containing the HA-tagged mutants indicated that
mutant proteins co-migrated with and were expressed at levels indistinguishable from wild type
HA-tagged Tir (Fig. 1A).    
 Upon translocation in
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increase in the apparent molecular mass from 80kDa to approximately 90kDa (DeVinney et a
1999b).  To determine whether any of the mutations diminished translocation, lysates of Hela 
cells infected with each of the mutants were subjected to anti-HA immunoblotting.    For all of 
the mutants, a second, slower migrating species was observed in addition to the 80 kD species,
and for all except one (D460A), the second species comigrated with the ~90 kD species of wild
type Tir (Fig. 1B). In addition, after plasma membrane localization, wild type Tir binds to 
intimin, resulting in Tir clustering beneath bound bacteria, detectable by fluorescence 
microscopy.  Although the frequency of Tir associated with bacteria varied somewhat amon
mutants, each Tir mutant could be visualized in association with bacteria bound to HeL
monolayers (Fig. 1C, “Tir”), whereas no Tir could be detected beneath translocation-deficient 
EHEC Tir mutants (data not shown). These results suggest that the mutations did not grossly 
alter the stability or translocation of Tir, or its ability to bind intimin.  
 To evaluate the ability of the mutants to initiate actin assembly, HeLa cell monolayers
infected with bacteria expressing each mutant were stained with phallo
l., 
 
 
g the 
a cell 
 
idin to detect actin 
f 
 
ack 
nny, 
d 
pedestals. While most of the mutants generate actin pedestals efficiently, alanine substitution o
residues N456, P457, or Y458 dramatically diminished pedestal formation (Fig. 1C, right).
EHEC Tir Y458F appeared to generate pedestals at near wild-type levels, suggesting that 
phoshorylation of Y458 is not essential for signaling, which is consistent with the apparent l
of tyrosine phosphorylation of EHEC Tir (Deibel et al., 1998; DeVinney et al., 1999b) (Ke
1999); data not shown].  To quantitate pedestal formation mediated by mutant Tir proteins, 
bacteria that translocated detectable amounts of HA-tagged Tir (i.e., “Tir foci”) were identified 
by immunofluorescent microscopy, and the percentage of these foci that were also associate
with actin pedestals was determined.  For bacteria harboring wild type tir or tir point mutations 
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that did not alter residues N456, P457 or Y458, almost 100% of Tir foci colocalized with actin
pedestals (Fig. 1D).  In contrast, each of the substitutions altering the NPY
 
 of F-
d 
ers, who 
dently of type III 
ir 
 
 
458 sequence 
diminished pedestal formation: Tir N456A and Y458A were approximately 20% as efficient as 
wild type, and P457A was approximately 40% as efficient (Figure 1E).  Further, the foci
actin generated by these mutants were typically smaller, with less distinct borders, and stained 
less intensely than those generated by wild type Tir (data not shown, Fig. 1C, arrows).  (The 
markedly diminished F-actin staining of these foci presumably reflects relatively low level of 
actin polymerization, but for simplicity, these lesions are still referred to as “pedestals” 
throughout the text).  The conservative Y458F substitution generated pedestals at ~70% of wil
type efficiency, a result not dissimilar to the recent findings of Allen-Vercoe and cowork
detected no defect at all (Allen-Vercoe et al., 2006a). These findings are consistent with the 
model that phosphorylation of Y458 is not important for pedestal formation.   
 Although alanine substitution of N456, P457 or Y458 did not appear to diminish Tir 
translocation, we also assessed the function of NPY458 mutants entirely indepen
translocation (Campellone et al., 2006). Host cell expression of HN-MiniTir, a derivative of T
containing the N-terminal cytoplasmic domain, the extracellular domain, and the 12-amino acid 
region (residues 452-463) in the C-terminal cytoplasmic domain that encompasses NPY458, is 
capable of fully complementing an EHEC tir mutant for actin pedestal formation (Campellone et
al., 2006). Four mutants of HN-MiniTir, N456A, P457A, Y458A and Y458F, were expressed 
from a plasmid designed for mammalian expression, and immunoblotting revealed that all 
mutants were expressed (Fig. 2A).  EHECΔtir formed pedestals with high efficiency on HeLa 
cells transfected with wild type HN-MiniTir, with 99% of Tir-positive foci associated with 
pedestals (Fig. 2B-C).  In contrast, upon challenge of HeLa cells transfected with the N456A or
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Y458A mutants, only 8-10% of Tir-positive foci co-localized with filamentous actin, an 
efficiency statistically indistinguishable from that upon challenge of HN-TirΔC. The localized 
actin assembly promoted by the HN-MiniTir NPY mutants stained only weakly with phal
similar to F-actin foci generated by bacteria expressing the Tir NPY mutants (Fig. 1C).  
Consistent with the partial activities of the P457A or Y458F mutants following type III 
translocation, challenge of Hela cells transfected with the corresponding mutants of HN-
resulted in intermediate efficiencies of 23% and 37%, respectively (Fig. 2C).  
The analysis of point mutants of this region described above suggested that within the 12-
residue segment 452 to 463, only N456, P457, Y458 play specific roles in Tir s
loidin, 
MiniTir 
ignaling activity.  
To furt
actin assembly (Campellone et al., 2004b; Garmendia et 
g EspFU to sites 
ith 
 
her investigate this, HN-MiniTir derivatives were tested for function following sequential 
deletion of residues flanking NPY458 (Fig. 2A-B, bottom).  Although NPY458 in the absence of 
any flanking Tir sequences was not functional for pedestal formation, as few as six Tir residues 
(QNPYAD) retained significant function. The deletion and substitution analyses suggest that 
within the C-terminal cytoplasmic domain of TirEHEC, NPY458 is the only specific sequence 
essential for actin pedestal formation.  
EHEC Tir NPY458 is required to recruit EspFU to sites of bacterial attachment 
Given the ability of EspFU to stimulate 
al., 2004) and the observation that Tir residues 452-463 are capable of recruitin
of bacterial attachment (Campellone et al., 2006), a plausible function of the critical NPY458 
sequence within this region is to facilitate this recruitment.  Indeed, when HeLa cells expressing 
derivatives of HN-MiniTir carrying alanine substitutions of N456 or Y458 were challenged w
EHECΔtirΔespFU carrying a plasmid encoding myc-tagged EspFU, recruitment of EspFU was not
detected (Fig. 3A). Ectopic expression of the P457A mutant of HN-MiniTir resulted in rare 
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EspFU recruitment (data not shown), consistent with a less severe defect in actin pedestal 
formation, and Y458F, which had only a mild defect in pedestal formation, recruited EspFU w
relatively high efficiency (Fig. 3A).  In all cases, detectable recruitment of EspF
ith 
d with 
 
osphorylation, residue Y454 also becomes phosphorylated, albeit 
d 
, 
 
y, 
tions 
t 
ned for F-actin following infection with each 
of the mutants, and the percentage of Tir foci associated with pedestals was quantitated. The 
U coincide
detectable actin assembly (Fig, 3B). 
An EPEC Tir NPY sequence homologous to EHEC Tir NPY458 functions to promote localized 
actin assembly by EPEC 
As mentioned, although EPEC Tir Y474 mediates the major actin assembly pathway for EPEC
by recruiting Nck after ph
inefficiently, and has been shown to promote low level actin pedestal formation (Campellone an
Leong, 2005).  In fact, EPEC Tir Y454 occurs in a sequence homologous to EHEC Tir Y458
also in the context of NPY (Campellone et al., 2006). Thus, we assessed the effect of alanine 
substitution of N452, P453 or Y454 on actin assembly promoted by EPEC Tir.  To prevent the
phenotype of these mutations from being obscured by the more efficient Nck-mediated pathwa
the substitutions were generated in tir also encoding a Y474F mutation.   An EPEC Tir 
Y454F/Y474F double mutant that we previously characterized (Campellone and Leong, 2005) 
was analyzed in parallel.  The expression and translocation of EPEC Tir NPY454 substitu
were assessed by immunoblotting lysates of bacteria (Fig. 4A) or bacteria-infected HeLa cells 
(Fig. 4B), respectively, and no defects were identified. Immunofluorescence microscopy also 
revealed that the HA-tagged EPEC Tir mutants localized beneath bound bacteria, indicating tha
intimin-binding was unimpaired (data not shown). 
 To evaluate the ability of the EPEC Tir Y474F/NPY454 double mutants to promote 
pedestal formation, HeLa cell monolayers were stai
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control EPEC Tir Y474F single mutant promoted pedestal formation at 3.4% of Tir foci, and
Y474F/Y454F double mutant was significantly (two-fold) less efficient than the single mutant 
(Fig. 4C), similar to previous observations (Campellone and Leong, 2005). The EPEC Tir 
Y474F/N452A, Y474F/P453A and Y474F/Y454A were also impaired in pedestal formation 
relative to the single Y474F mutant and indistinguishable from the Y474F/Y454F double mutan
These results suggest that the EPEC Tir NPY
 the 
t. 
ndary 
ein has all of the information required to stimulate actin 
04).  
 
Y454 
 
C 
 
e 
454 sequence is also critical for the EPEC seco
pathway of actin pedestal formation. 
EspFU–mediated enhancement of EPEC pedestal requires the NPY454 sequence of TirEPEC. 
EPEC Tir Y474F can fully complement an EHECΔtir strain (Campellone et al., 2002; DeVinney 
et al., 2001b), indicating that this prot
pedestal formation via the EspFU-mediated Nck-independent pathway (Garmendia et al., 20
The findings that EPEC Tir NPY454 is critical for the EPEC secondary pathway raised the 
possibility that this sequence is also required for EPEC Tir to function in EspFU-promoted actin
assembly.  To test this, plasmids encoding each of the EPEC Tir NPY454 mutants were 
introduced into EPECΔtir harboring pEspFU. As before, to prevent the phenotype of the NP
mutations from being obscured by the Nck-mediated pathway, each of the plasmids encoding the
EPEC Tir NPY454 mutants also carried the Y474F mutation. Given that EPEC and EHE
translocate type III effectors with different efficiency (Deng et al., 2005), to facilitate a direct 
comparison of EPEC and EHEC Tir in these assays, the equivalent EHEC Tir NPY458 mutants 
were expressed in an EPECΔtir strain carrying pEspFU. This strain, KC12Δtir/pEspFU, also
carries the EHEC cesT (encoding the Tir chaperone) and EHEC eae (encoding intimin) in plac
of their EPEC homologs in order to eliminate any allelic incompatibilities (Campellone et al., 
2002).   
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The sequence requirements for EHEC Tir when expressed in the EPEC KC12Δtir strain 
that produces EspFU were identical to those when EHEC Tir was expressed in its native EHEC
backgrou
 
nd: alanine substitution mutants of N456, P457, or Y458 were defective in pedestal 
formati
. 
ly; 
ent 
   
substitu  The 
en 
esting 
 
 
on, and more so than the more conservative Y458F substitution (Fig. 5A, left). 
Interestingly, pedestal formation exhibited by each of the EHEC Tir NPY458 mutants was 
somewhat more efficient when expressed in the KC12Δtir/pEspFU than in EHECΔtir (43% vs
22%, 55% vs. 46%, and 42% vs. 19% for alanine substitution of N, P and Y, respective
compare Figs. 5A, left and 1D), a result perhaps of the generally more efficient cell attachm
and type III translocation capacities of EPEC relative to EHEC (Campellone and Leong, 2003).
As predicted, production of EspFU rescued pedestal formation of an EPEC strain 
expressing EPEC Tir Y474F (Fig. 5A, right panel, “NPY”, and 5B. left column), and actin 
assembly was independent of Nck (Fig. 5B, middle and right columns). In addition, alanine 
tion of N452, P453 or Y454 diminished pedestal formation (Fig. 5A, right panel).
P453A mutant functioned somewhat better than the N452A or Y454A mutants in pedestal 
formation, and the conservative Y454F mutant functioned at near-wild type levels.  Thus, wh
co-expressed with EspFU, the relative defect of each of the NPY454 substitutions of EPEC Tir 
closely correlated with the corresponding NPY458 substitutions of EHEC Tir, strongly sugg
they share similar function in this pathway.  Together with the observation that the EPEC Tir 
NPY454 is critical for Y474-independent actin assembly in EPEC, these results suggest that 
EspFU enhances what would otherwise be a relatively inefficient NPY-mediated pathway.    
Discussion 
The canonical EPEC and EHEC strains initiate localized actin assembly by translocating and
then clustering Tir in the plasma membrane of the host cell membrane, but, unexpectedly, the
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primary actin signaling pathways they trigger were found to be divergent. Whereas EPEC Tir 
 
ng 
 
f 
d 
s 
 
).  
 
becomes phosphorylated at Y474 and recruits Nck (Campellone et al., 2002; Gruenheid et al., 
2001; Kenny, 1999), EHEC Tir does not become tyrosine phosphorylated (Deibel et al., 1998;
DeVinney et al., 1999b; Kenny, 1999) and generates Nck-independent pedestals by translocati
a second bacterial effector, EspFU (Campellone et al., 2004b; Garmendia et al., 2004).  A small
region of EHEC Tir required for EspFU recruitment and actin pedestal formation was recently 
defined (Campellone et al., 2006) (Allen-Vercoe et al., 2006a), and in the current study, we first 
showed that, within this segment, the NPY458 sequence is particularly critical.  The last residue o
this sequence, EHEC Tir Y458, is homologous to EPEC Tir Y454(Campellone et al., 2006), a 
residue we previously showed was essential for the inefficient, Nck-independent pathway in 
EPEC (Campellone and Leong, 2005), raising the possibility that the Nck-independent pathways 
of EPEC and EHEC might be related. Consistent with this hypothesis, alanine substitution of 
residues N452, P453 or Y454 diminished Y474-independent pedestal formation by EPEC, an
expression of EspFU in EPEC greatly enhanced the efficiency of this pathway in a manner 
dependent on NPY454.  The functionality of EPEC Tir NPY454 in promoting EspFU-mediated 
actin assembly is consistent with previous observations that although EHEC Tir, because it lack
the equivalent of Y474, cannot complement an EPECΔtir mutant (DeVinney et al., 2001b; 
Kenny, 2001), EPEC Tir is fully capable of complementing an EHECΔtir mutant for efficient
Y474- and Nck-independent actin assembly (Campellone et al., 2002; DeVinney et al., 2001b), 
and in a manner requiring a small sequence encompassing Y454 (Allen-Vercoe et al., 2006a
Hence, EHEC and EPEC share a common Nck-independent mechanism of actin assembly, one
that can be greatly enhanced by EspFU. 
  25 
EHEC Tir NPY458 is required for the recruitment of EspFU, and EHEC Tir and EspFU ca
be coimmunoprecipitated from extracts o
n 
f infected cells (Campellone et al., 2004b).  However, 
yeast tw
iting Nck 
ir 
aptor 
4F 
tion diminishes actin assembly by this pathway suggests that this modification may be 
importa  
an 
 
o-hybrid, far western and pulldown assays failed to reveal evidence of a direct 
interaction between the two proteins (M.B., K.G.C., unpub. obs.).  In addition, by analogy to 
vaccinia virus A36R protein, which stimulates two pathways of actin assembly by recru
and another adaptor, Grb2, with two phosphorylated tyrosines spaced twenty residues apart 
(Frischknecht et al., 1999), we previously hypothesized that EPEC Tir Y454 recruits an 
alternative adaptor to promote assembly.  If, as seems likely, EPEC Tir NPY454 and EHEC T
NPY458 perform analogous functions, the latter sequence may also bind the same host ad
protein or complex. The identity of the putative adaptor promoting Nck-independent pedestal 
formation by EPEC is unknown, but it does not appear to be Grb2 (Campellone and Leong, 
2005). 
EPEC Tir Y454 is phosphorylated, albeit inefficiently, and the observation that a Y45
substitu
nt for function (Campellone and Leong, 2005). Thus, if the Nck-independent pathways of
EPEC and EHEC are mediated by the same adaptor (rather than two distinct adaptor proteins), 
apparent paradox is that EHEC Tir is not detectably tyrosine phosphorylated (Deibel et al., 1998; 
DeVinney et al., 1999a; Kenny, 1999) (M.B., unpublished obs.), consistent with the observation 
that a EHEC Tir Y458F mutant is only mildly defective for pedestal formation (Fig 1D), or not 
defective at all (Allen-Vercoe et al., 2006a). It is possible that whereas the putative adaptor 
recognizes phosphorylated EPEC Tir Y454, the expression of EspFU in EHEC allows the same 
adaptor to function independently of tyrosine phosphorylation.  Alternatively, the (relatively
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mild) defect in pedestal formation mediated by EPEC Tir Y454F may reflect differences 
between tyrosine and phenylalanine that are independent of phosphorylation.  
A biological role for pedestal formation by attaching and effacing pathogens such as 
EPEC a r 
, it 
 
ck-
trains 
nd EHEC has not yet been identified.  Nevertheless, the fact that multiple pathways fo
actin assembly exist and thus have apparently been maintained during the divergence of two 
pathogens suggests that pedestal formation facilitates the survival or spread of this class of 
pathogens.  Given the commonality of Nck-independent actin signaling by EHEC and EPEC
is tempting to speculate that Tir molecules produced by these strains are derived from a common
Tir that utilized NPY to stimulate low level actin assembly.  One can speculate that today’s 
canonical EPEC or EHEC strains gained some selective advantage through acquisition of a N
binding Tir sequence or a phage-encoded espFU, respectively.  In fact, several E. coli strains 
encode both EspFU (or its homolog) and a Tir molecule harboring a Nck-binding sequence 
(Garmendia et al., 2005b; Whale et al., 2006) (Ogura et al., 2007), indicating that in some s
localized actin assembly is mediated by redundant pathways, consistent with the suggestion that 
pedestal formation serves an important biological function. The ability to abrogate each pathway 
independently, either through mutation of Tir or EspFU or disruption of critical host proteins, will 
facilitate the investigation of the physiologic or pathologic role of actin assembly by this group 
of pathogens. 
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  Table 1. Strains used in this study. 
Strains Description Reference 
EDL933 EHEC O157:H7 prototype Riley et al. (1983) 
TUV93-0 Stx- derivative of EDL933 Campellone et al. (2002) 
KC5 EHEC TUV93-0 Δtir (in frame removal of codons 24-543) Campellone et al. (2002) 
MB1 KC5 ΔEspFu::cat (in frame replacement of codons 18-368) Campellone et al. (2006) 
JPN15/pMAR7 Ampr derivative of EPEC O127:H6 strain E2348/69  Jerse et al. (1990) 
KC14 EPEC Δtir (replacement of codons 18-535 with cat gene) Campellone et al. (2002) 
KC12 EPECΔtir-cesT-eae::EHEC-HA-tir-cesT-eae Campellone et al. (2002) 
KC26  KC12Δtir (in frame removal of codons 24-543) Campellone et al. (2002) 
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Table 2. Plasmids used in this study. 
Plasmid Description Source or Reference 
Vectors  
pK184 Low copy number cloning vector  Jobling & Holmes (1990) 
pKC272 Derivative of the medium-copy-number-plasmid pTP809 Campellone et al (2004) 
pKC469 Myc-tagged pK184 derivative Campellone et al (2004) 
   
EHEC Tir Complementation Plasmids (pKC16 derivatives)  
  pKC16 WT template produces N-terminal HA epitope tagged EHEC Tir and CesT Campellone et al. (2002) 
  pMB14 Produces EHEC HA-Tir G452A This study 
  pMB16 Produces EHEC HA-Tir T453A This study 
  pMB19 Produces EHEC HA-Tir V454A This study 
  pMB22 Produces EHEC HA-Tir Q455A This study 
  pMB25 Produces EHEC HA-Tir N456A This study 
  pMB28 Produces EHEC HA-Tir P457A This study 
  pMB30 Produces EHEC HA-Tir Y458A This study 
  pKC234 Produces EHEC HA-Tir Y458F This study 
  pMB33 Produces EHEC HA-Tir A459G This study 
  pMB36 Produces EHEC HA-Tir D460A This study 
  pMB39 Produces EHEC HA-Tir V461A This study 
  pMB42 Produces EHEC HA-Tir K462A This study 
  pMB43 Produces EHEC HA-Tir T463A This study 
   
EPEC Tir Complementation Plasmids (pKC17 derivatives)  
  pKC17 WT template produces N-terminal HA epitope tagged EPEC Tir and CesT Campellone et al. (2002) 
  pKC142 Produces EPEC HA-Tir Y474F Campellone et al. (2002) 
  pKC237 Produces EPEC HA-Tir Y474F/Y454F Campellone et al. (2005) 
  pMB117 Produces EPEC HA-Tir Y474F/N452A This study 
  pMB118 Produces EPEC HA-Tir Y474F/P453A This study 
  pMB119 Produces EPEC HA-Tir Y474F/Y454A This study 
   
EspFu Complementation Plasmid  
pKC321 Produces untagged EspFu (pKC272 derivative) Campellone et al. (2004) 
pKC471 Produces myc-tagged EspFu (pKC469 derivative) Campellone et al. (2004) 
  
Tir Transfection Contructs (pKC631 and derivatives)a  
pKC631 N-terminal HA epitope tagged HN-Mini Tir GTVQNPYADVKT Campellone et al. (2006) 
pMB141 HN-Mini Tir GTVQAPYADVKT (N456A) This study 
pMB169 HN-Mini Tir GTVQNAYADVKT (P457A) This study 
pMB144 HN-Mini Tir GTVQNPAADVKT (Y458A) This study 
pMB146 HN-Mini Tir GTVQNPFADVKT (Y458F) This study 
pMB130 HN-Mini Tir VQNPYADV (8aa) This study 
pMB132 HN-Mini Tir QNPYAD (6aa) This study 
pMB191 HN-Mini Tir QNPYA (5aa) This study 
pMB136 HN-Mini Tir NPY (3aa) This study 
aFor the point mutants generated on pKC631, the amino acid substitution is bolded; for the     
deletion mutants, the number of amino acids remaining at the C-terminus is given in parentheses.  
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Fig. 1. The NPY458 sequence of EHEC Tir is critical for actin pedestal formation. (A) 
Lysates of EHECΔtir harboring a plasmid encoding wild type HA-tagged EHEC Tir (“WT"), 
control vector, or the indicated EHEC Tir mutants were subjected to immunoblotting with anti-
HA antibody.  The relative amount of protein loaded per lane was assessed by OmpA 
immunoblotting. Apparent molecular mass is indicated to the left. (B) Unmodified (80kDa) or 
modified (90kDa) EHEC Tir present in lysates of HeLa cells infected with EHEC producing wild 
type EHEC Tir (“WT"), no Tir (“vector”) or the indicated point mutant was assessed by 
immunoblotting for HA-tagged Tir. The relative amount of bacteria or HeLa cells was assessed 
by OmpA or tubulin immunoblotting, respectively.  
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Fig. 1. The NPY458 sequence of EHEC Tir is critical for actin pedestal formation.  
C. 
D..
(C) HeLa cells were infected with EHECΔtir harboring plasmids encoding EHEC Tir carrying 
the wild type NPY458 sequence (“NPY”) or substitutions of this sequence, as indicated at left.  
Monolayers were examined microscopically after staining with DAPI to localize bacteria, an 
anti-HA antibody to localize translocated TirEHEC, or phalloidin to detect F-actin. Arrows 
indicate examples of modest F-actin staining that was positively scored as pedestals. Also seen, 
occasional diffuse actin staining in the vicinity of Tir foci (see APY).  In those cases, F-actin 
staining was non-discreet and negatively scored for actin pedestal formation. (D) Bacteria clearly 
associated with Tir staining (“Tir foci”) were identified by fluorescence microscopy, and the 
number of actin pedestals per 100 Tir foci was determined. Shown are the means (+/- SE) of at 
least three independent experiments, and asterisks indicate mutants that are significantly 
(p<0.05) defective compared to wild type. 
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 Fig. 2. The EHEC Tir NPY458 sequence is required for complementation by transfected Tir 
derivatives.  (A) Approximately 4cm2 of HN-MiniTir, HN-MiniTir derivative, or mock 
transfected cells were seeded into 10cm2 wells and allowed to grow overnight.  Whole cell 
lysates were prepared and resolved by 10% SDS PAGE, transferred and probed by anti-HA 
immunoblotting.  Representative immunoblots are shown. Approximately equivalent levels of 
Tir expression were observed in three independent experiments.  The relative amount of HeLa 
cells present in the lysate was assessed by anti-tubulin immunoblotting. (B) Representative 
micrographs of EHECΔtir infected HeLa cells transfected with the indicated Tir derivative. 
Monolayers were examined microscopically after staining with DAPI to localize bacteria, an 
anti-HA antibody to localize TirEHEC, and phalloidin to detect F-actin.  
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 Fig. 2. The EHEC Tir NPY458 sequence is required for complementation by transfected Tir 
derivatives. 
(C) At top left is the sequence of the cytoplasmic domain of HN-MiniTir (“WT").  Amino acids 
corresponding to EHEC Tir residues are capitalized, whereas residues that were added to 
facilitate cloning are in lower case.  Below the sequences (wild type at top) substitutions of the 
NPY458 sequence are indicated in bold and deletions of flanking residues are indicated by dashes. 
At right, the number of actin pedestals observed per 100 Tir foci for each sample (mean +/- SE 
of at least three replicate experiments) and asterisks indicate mutants that are significantly 
(p<0.05) defective compared to wild type.  
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 Fig. 3. EHEC Tir NPY458 is required to recruit EspFU to sites of bacterial attachment.  
HeLa cells were transfected with wild type HN-MiniTir (“NPY") or derivatives of HN-MiniTir 
altered in the tripeptide NPY458 sequence, as indicated at left, and then infected with 
EHECΔtirΔespFU/pEspFU-myc. Monolayers were examined microscopically after staining with 
an anti-myc antibody to localize myc-tagged EspFU, and either DAPI to localize attached 
bacteria and anti-HA antibody to localize HA-tagged EHEC Tir (Panel A) or phalloidin to detect 
F-actin (Panel B).  For merged images in Panel B, DAPI staining is shown in blue and co-
localization of myc-tagged EspFU with F-actin is indicated by yellow. 
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 Fig. 4. An EPEC Tir NPY sequence analogous to EHEC Tir NPY458 functions to promote 
localized actin assembly by EPEC.    (A) Lysates of EPECΔtir harboring a plasmid encoding 
the HA-tagged EPEC Tir single mutant Y474F carrying the wild type NPY454 sequence 
(“NPY”), no Tir (“vector”), or the EPEC Tir double mutants Y474F/N452A (“APY”), 
Y474F/P453A (“NAY”), Y474F/Y454A (“NPA”), or Y474F/Y454F (“NPF”) were subjected to 
immunoblotting with anti-HA antibody to detect Tir.  The relative amount of lysate loaded and 
the apparent molecular mass of the species was determined as described in Fig. 1.  (B) The 
modification state of EPEC Tir present in lysates of HeLa cells infected with the indicated EPEC 
Tir mutants was assessed by HA-immunoblotting.  Unmodified (80kDa) and modified (90kDa) 
EPEC Tir and the relative amount of bacteria and HeLa cells present in the lysate were assessed 
as described in Fig. 1. (C) HeLa cells were infected with EPECΔtir harboring plasmids encoding 
the indicated EPEC Tir mutants. Actin pedestal formation was quantitated as described in Fig. 1 
and is presented as pedestals per 100 Tir foci.  Shown are the means (+/- SE) of at least three 
independent experiments. A single asterisk indicates mutants that are significantly (p<0.05) 
defective compared to the EPEC Tir Y474F single mutant while a double asterisk indicates 
defect is approaching significance (p=0.08).  
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 Fig. 5. EspFU–mediated enhancement of EPEC pedestal formation requires the NPY454 
sequence of TirEPEC. 
(A) At left, HeLa cells were infected with KC12Δtir, an EPEC strain encoding EHEC CesT and 
intimin, carrying pespFU in addition to a plasmid producing wild type EHEC Tir (“NPY”) or the 
designated EHEC Tir NPY458 point mutant.  At right, HeLa cells were infected with EPECΔtir 
carrying pespFU in addition to a plasmid producing the EPEC Tir Y474F single mutant (“NPY”) 
or the designated TirEPECNPY454 point mutant.  Infected cells were examined microscopically 
after staining for DAPI, HA-Tir and F-actin. Pedestal formation efficiencies were quantitated as 
described in Fig. 1 and are indicated by bar graphs.  All NPY alanine point mutants were 
significantly (p<0.05) less efficient at pedestal formation than the wild type NPY sequence; in 
addition, the probability that the pairwise comparisons are significantly different is given above. 
(B) HeLa cells, Nck +/- or Nck -/- MEFs were infected with EPECΔtir co-transformed with a 
plasmid producing EPEC Tir Y474F and a plasmid encoding EspFU or a control vector. Tir foci 
appear green and F-actin is stained red. Foci of co-localized Tir and F-actin appear yellow. 
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CHAPTER III 
 
THE TYPE III SECRETED EFFECTOR ESPFU, WHICH PROMOTES LOCALIZED 
ACTIN ASSEMBLY IN MAMMALIAN CELLS, FOSTERS EPITHELIAL ASSOCIATION 
AND LATE-STAGE INTESTINAL COLONIZATION BY E. COLI O157:H7  
Summary 
Enterohemorrhagic Escherichia coli (EHEC) O157:H7 induces filamentous actin-rich 
“pedestals” on intestinal epithelial cells. Pedestal formation in vitro requires translocation of 
bacterial effectors into the host cell, including Tir, an EHEC receptor, and EspFU, which 
increases the efficiency of actin assembly initiated by Tir.  While inactivation of espFU does not 
alter colonization in two reservoir hosts, we utilized two disease models to explore the 
significance of EspFU-promoted actin pedestal formation. EHEC∆espFU efficiently colonized the 
rabbit intestine during co-infection with wild-type EHEC, but co-infection studies on cultured 
cells suggested that EspFU produced by wild-type bacteria might have rescued the mutant.  
Significantly, EHEC∆espFU by itself was fully capable of establishing colonization at 2 days 
post-inoculation but unlike wild-type, failed to expand in numbers in the cecum and colon by 7 
days.   In the gnotobiotic piglet model, an espFU deletion mutant appeared to generate actin 
pedestals with lower efficiency than wild type.  Furthermore, aggregates of the mutant occupied 
a significantly smaller area of the intestinal epithelial surface than those of the wild-type. 
Together, these findings suggest that, after initial EHEC colonization of the intestinal surface, 
EspFU, may stabilize bacterial association with the epithelial cytoskeleton and promote 
expansion beyond initial sites of infection. 
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Introduction 
Enterohemorrhagic Escherichia coli (EHEC) is a frequent cause of food-related 
outbreaks of diarrhea and hemorrhagic colitis in developed nations world-wide (reviewed in 
(Kaper et al., 2004)), Although these pathogenic E. coli do not invade beyond the gastrointestinal 
tract, the intestinal absorption of Shiga toxin, an EHEC-produced AB5-type toxin can result in 
serious systemic disease including the hemolytic uremic syndrome (Karmali et al., 1983; Nataro 
and Kaper, 1998; Riley et al., 1983). E. coli O157:H7 is the most common EHEC serotype 
associated with both sporadic infection and outbreaks in the United States, but other serogroups 
have been increasingly associated with human disease (Johnson et al., 2006; Karch et al., 2005). 
 EHEC, together with enteropathogenic E. coli (EPEC) and Citrobacter rodentium, are 
often referred to as “A/E pathogens” because all three of these enteric bacteria are able to induce 
distinctive ultrastructural changes, known as attaching and effacing (A/E) lesions, on intestinal 
epithelial cells (Moon et al., 1983).  The formation of A/E lesions by this group of extracellular 
pathogens is thought to promote colonization and damage of the intestinal epithelium because 
mutants that are incapable of generating A/E lesions are diminished in their capatcity to colonize 
the intestine and cause disease in experimental animals and human volunteers (Abe et al., 1998; 
Deng et al., 2003; Donnenberg et al., 1993a; Donnenberg et al., 1993b; Marches et al., 2000a; 
Ritchie et al., 2003; Tacket et al., 2000; Tzipori et al., 1995).  Moon and co-workers first 
described the morphological features of these lesions, which include the localized effacement of 
the brush border microvilli, intimate bacterial attachment to the host epithelium and the assembly 
of electron-dense fibrillar structures underneath attached bacteria producing a “pedestal-like” 
protrustion from the cell (Moon et al., 1983). 
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 EHEC, EPEC and C. rodentium all share a homologous ~35 kb DNA region called the 
locus of enterocyte effacement (LEE) pathogenicity island that contains most or all of the genes 
necessary for A/E lesion formation (McDaniel et al., 1995).  The LEE encodes transcriptional 
regulators, the components of a type III secretion system, the outer membrane adhesin, intimin, 
and serveral effector proteins that are translocated directly into host cells by the type III 
apparatus (reviewed in (Garmendia et al., 2005a)).  One of the translocated effectors essential for 
pedestal formation is Tir, which inserts into the host plasma membrane with a haripin loop 
topology in which the central extracellular portion of Tir serves as a receptor for intimin (de 
Grado et al., 1999; Hartland et al., 1999; Kenny et al., 1997).  Tir-intimin interaction mediates 
the intimate attachement of bacteria to the epithelial cell surface, and mutants incapable of 
producing Tir or intimin are also incapable of colonization in experimental infections (Deng et 
al., 2003; Marches et al., 2000a; Ritchie et al., 2003; Sheng et al., 2006). 
 Whereas the central region of Tir binds intimin, the amino and carboxyl termini are 
located in the host cytoplasm, where they interact with host proteins and induce remodelling of 
the cytoskeleton and pedestal formation (Goosney et al., 2001; Hayward et al., 2006). Studies of 
pedestal formation in cultured mammalian cells indicate that A/E pathogens can employ several 
pathways to induce actin assembly.  In EPEC, at least three pathways have been distinguished, 
one mediated by phosphorylated Tir tyrosine 474 that functions independently of Nck, and a 
thrid mediated by Tir Y454, which also functions independently of Nck.  In contrast to these 
EPEC pathways, canonical EHEC strains encode a Tir that lacks a Nck-binding sequence 
(Campellone et al., 2002; DeVinney et al., 1999a; Gruenheid et al., 2001), but contains Y458, 
the equivalent of EPEC Tir Y454 (Campellone et al., 2006).  Whereas this Nck-independent 
pathway leads to inefficient actin assembly in EPEC, EHEC encodes an additional type III-
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translocated effector, EspFU (also known as TccP) that binds and activates the host protein N-
WASP (Campellone et al., 2004b; Garmendia et al., 2004) to increase the efficiency of this 
pathway (Brady et al., 2007).  In the absence of EspFU, EHEC binds to host cells at wild type 
efficiency, but induces only low (but detectable) levels of actin polymerization in cultured cells 
(Campellone et al., 2004b). 
 Recent studies have shown that mutations in one or more of these actin assembly 
pathways does not necessarily diminish the ability of these mutants to colonize and form A/E 
lesions in vivo.  For example, a C. rodentium Tir mutant lacking the equivalent of Y474 did not 
undergo efficient tyrosine phosphorylation or induce actin assembly in vitro, yet still colonized 
mice, forming A/E lesions detectable by electron microscopy (Deng et al., 2003).  Similarly, an 
EPEC strain expressing a Tir derivative lacking both Y474 and Y454 was unable to recruit actin 
in vivo but was still capable of generating A/E lesions on human intestinal explants (Schuller et 
al., 2007). Finally, an EHEC espFU mutant, which inefficiently triggers actin assembly on 
cultured monolayers, colonized the intestine of infected calves and lambs indistinguishably from 
wild type and formed A/E lesions in bovine ligated loops (Vlisidou et al., 2006). 
 Whereas calves and lambs serve as models to investigate factors that promote EHEC 
persistence in reservoir hosts, in the current study, we investigated the role of EspFU in 
colonization of the intestines of infant rabbits and gnotobiotic piglets, two disease models that 
might provide insight into EHEC colonization of the human intestine.  We found that an espFU 
mutant colonized rabbits with a wild type efficiency at an early time point, but unlike the wild 
type, failed to increase in numbers in the cecum and large intestine as infection progressed.  By 
adapting a high resolution, in situ fluorescence-based imaging technique to directly visualize 
EHEC cells bound to the luminal surfaces of the piglet intestinal epithelium, we found that the 
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espFU mutant formed smaller bacterial aggregates on the mucosal surface that the wild type.  
Taken together our observations suggest that after initial EHEC colonization, EspFU may 
stabilize bacterial association with the epithelial cytoskeleton and promote expansion beyond 
initial sites of infection. 
Experimental Procedures 
Bacterial strains, complementing plasmids and cell culture  
Strain 905 is a Stx2-producing E. coli O157:H7 clinical isolate (Ritchie et al., 2003).  
Deletion of espFU in 905 was preformed using a one-step PCR-based gene inactivation protocol 
(Datsenko and Wanner, 2000).  Briefly, PCR-generated substrates containing the kanamycin 
resistance gene flanked by 36 nucleotides of espFU targeting sequences were electroporated into 
905 containing the lambda-red plasmid, pKD46.  Replacement of codons 63 -1116 of espFU with 
the kanamycin resistance gene was confirmed by PCR.  Strain 905∆tir has been previously 
described (Ritchie et al., 2003).  Strain 905∆lacZ contains a deletion of lacZ codons 36 - 3036 
and was made using the one-step PCR-based gene inactivation protocol.  TUV93-0 is a Shiga-
toxin deficient form of the prototype sequenced E. coli O157:H7 strain EDL933, and the 
isogenic tir and espFU mutants have been described (Campellone et al., 2002; Campellone et al., 
2004b).  EPEC KC12, an O127:H6 strain in which EPEC tir-cesT-eae is replaced with EHEC 
tir-cesT-eae, and the isogenic tir derivative have been described (Campellone et al., 2002).  The 
complementing plasmid pespFU is based on a medium copy vector pKC321 and was previously 
described (Campellone et al., 2004b). 
For routine passage, E. coli strains were cultured on or in LB at 37°C.  EHEC or EPEC 
mutants containing antibiotic resistance genes were grown in media containing the appropriate 
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antibiotic [kanamycin 50 μg ml-1, chloramiphenicol 12.5 μg ml-1].  None of the mutants appeared 
to have any obvious growth defects when cultured in LB at 37°C (data not shown). 
Mammalian culture and trans-complementation assays 
HeLa cells were routinely cultured in DMEM plus 10% fetal bovine serum.  For trans-
complementation experiments, HeLa cell monolayers were co-infected with equal numbers (~106 
colony forming units (CFU) / strain) of EHEC and KC12 or derivatives for 6 hours, fixed and 
permeabilized as previously described (Campellone et al., 2002).  For microscopic examination, 
fixed monolayers were treated with rabbit anti-O157 antisera (1:500 in PBS; Difco) for 30 
minutes prior to washing and addition of Alexa488 goat anti-rabbit antisera (1:200; Molecular 
Probes) to detect EHEC.  KC12 and F-actin were detected as described previously (Campellone 
et al., 2002).  
Infant rabbit experiments 
Infant rabbit experiments were carried out as has been previously described (Ho and 
Waldor, 2007; Ritchie et al., 2003).  Briefly, 3-day infant rabbits were orogastrically inoculated 
with 905 and/or isogenic derivatives with deletions of espFU, tir, or lacZ at a total dose 
equivalent to 5x108 CFU per 90g rabbit weight. At 2 and 7 days post-infection, infected rabbits 
were euthanized and their intestines removed.  Various intestinal sections were weighed and 
homogenized before the determination of bacterial numbers by serial dilution and plating on 
sorbitol MacConkey (SMAC) agar plates.  For co-infection experiments, the SMAC plates were 
replica plated onto antibiotic containing SMAC plates to allow enumeration of antibiotic-
resistant EHEC cells (representing either the espFU, tir or lacZ mutants).  Data were expressed as 
competitive indices (C.I.), the ratio of the number of mutant to wild type bacteria post-infection 
  45 
divided by the number of mutant to wild type bacteria in the inoculum.  All single infection and 
co-infection experiments were repeated in at least two different rabbit litters. 
Gnotobiotic piglet experiments 
Gnotobiotic piglet experiments were carried out as has been previously described (Dytoc 
et al., 1993).  Briefly, piglets derived by caesarean section and maintained in microbiological 
isolation, were orally infected with 5 x 109 CFU TUV93-0 or one of its derivatives.  After 
euthanasia at 24-48hr post-infection, sections of the intestine were removed and fixed in 10% 
neutral buffered formalin.  Bacterial attachment was determined in intestinal cross sections 
stained with hematoxylin and eosin (H&E) and in unstained segments as described below.  
Processing of intestinal samples for electron microscopic analysis was performed as described 
previously (Donnenberg et al., 1993b). 
In situ localization and quantitative analysis of EHEC association with the piglet intestinal 
epithelium 
To visualize and quantify bacterial attachment in infected gnotobiotic piglets, we adapted 
a fluorescence light microscopic in situ imaging technique originally developed for the 
quantitative analysis of vascular endothelial cytoskeletal arrays (Berceli et al., 1991; Herman, 
1987).  In brief, approximately 0.5cm long segments of the intestine were slit length-wise to 
expose the luminal surface and rinsed 3x in PBS-azide (PBS containing 0.02% Na-azide) for 5 
minutes each at room temperature.  The tissue samples were then incubated for 90 sec at room 
temperature in 0.1% Triton-X100, 40mM HEPES (pH 7.1), 1mM MgCl2, 0.5mM EGTA, 50mM 
PIPES (pH 6.9) and 75mM NaCl, before being rinsed twice in PBS-azide for 5 minutes. The 
samples were then stained with E. coli O157 antiserum [1:500 in PBS; Difco] for 30 minutes at 
room temperature.  After further rinsing in PBS-azide (2 times), the samples were incubated for 
  46 
30 minutes with Alexa488 conjugated anti-rabbit IgG (1:500 in PBS; Invitrogen) to enable 
detection of EHEC and Alexa546-phalloidin (1:50 in PBS; Invitrogen) for visualization of the 
tissue architecture in control and EHEC-infected intestinal segments.  The samples were finally 
rinsed in PBS-azide before being flattened and mounted under cover slips, which were 
subsequently anchored to the slide surface to permit en face mucosal surface viewing.  The 
samples were examined using a Zeiss Axiovert 200M Digital light microscope image acquisition 
system (Molecular Devices Corporation, CA, USA).  To quantitatively assess the attachment of 
EHEC to the intestine, coded cecal samples were scanned for attached bacteria and 
representative images captured.  In each experiment for each bacterial strain, five images from 2 
- 3 cecal segments were examined for bacterial attachment.  Each experiment was performed on 
two separate occasions.  The area of EHEC attachment (visualized using anti-O157 antibody) 
was calculated as a percentage of the epithelial surface in the field of view (visualized using 
fluorescent phalloidin) by an observer who was blinded to the coding system. 
Statistical analysis 
Bacterial counts from single infection experiments were log transformed and analyzed 
using the Student’s t-test (two-way), comparing each mutant to the wild type.  C.I. values 
obtained from competition experiments between wild type and the espFU or tir mutants were 
compared using the Student’s t-test (two-way) to C.I. values obtained from competition 
experiments between wild type and a lacZ mutant. Differences in the percentages of wild type 
and mutant bacteria attached to intestinal tissue were also analyzed using the Student’s t-test 
(two-way).    
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RESULTS 
An EHEC espFU mutant shows no colonization defect in co-infection experiments.  
EHEC colonizes the infant rabbit ileum, cecum and large bowel and causes diarrhea and 
intestinal inflammation in an intimin- and Tir-dependent manner (Ritchie et al., 2003 a clinical 
E. coli O157:H7 isolate that has been used previously in the rabbit [Ritchie and Waldor, 
2005)(Ritchie et al., 2003). We initially carried out co-infection (competition) experiments 
between the wild type strain and this isogenic espFU mutant. The readout for co-infection studies 
is the competitive index (C.I.), i.e., the ratio of mutant to wild type CFU in infected tissues 
divided by the ratio of mutant to wild type CFU in the inoculum. This experimental design limits 
the effects of animal-to-animal variation since the wild type strain serves as an internal control in 
every animal and often provides a more sensitive way to detect colonization defects than single 
infection experiments (Logsdon and Mecsas, 2003). As a control to validate the competition 
format for these experiments, we performed a competition experiment between isogenic 
kanamycin-resistant and kanamycin-sensitive EHEC strains.  In the kanamycin-resistant strain, 
we replaced lacZ (a gene not required for EHEC intestinal colonization in single infection rabbit 
experiments; J.M.R. and M.K.W. unpubl. obs.) with a kanamycin-resistance gene. At day 7 after 
oro-gastric inoculation with 5x108 bacteria per 90 gram rabbit, we found approximately equal 
numbers of 905 and 905∆lacZ::kan in homogenates of different regions of the intestine, yielding 
a C.I. of approximately 1.0 (Table 1), validating the competition format in this animal model. 
Co-infection experiments using 905 and 905Δtir provided additional validation for the 
competition format. The 905Δtir mutant, which is highly attenuated in single infection 
experiments (Ritchie et al., 2003), was also markedly attenuated in co-infection experiments, 
where C.I. values ≤ 0.0003 were found in all sampled regions (Table 1). 
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When we co-inoculated 3-day old infant rabbits with approximately equal numbers of 
905 and 905∆espFU, the espFU mutant did not exhibit a colonization defect.  Approximately 
equal numbers of 905 and 905∆espFU CFU were recovered in samples from the ileum, cecum, 
mid-colon and stool at 7 days post-inoculation resulting in a C.I. of  ~1 (Table 1, experiment I).  
Similar experiments examining colonization 2 days after inocula of 5x106 or 5x104 per 90 g 
rabbit weight yielded similar findings, as all C.I.s were not significantly different from 1 (Table 
1, experiment II).  The latter dose is apparently near the ID50 for EHEC in this model, because 12 
out of 33 (36%) rabbits did not become infected and 9 of the 33 (27%) became infected almost 
exclusively with one strain (Table 1 legend).  In these 9 rabbits, wild type 905 was not more 
likely to establish infection, since approximately half the rabbits (4 of 9) became predominately 
infected with 905ΔespFU.  Thus, co-infection experiments did not provide evidence for a role for 
espFU in intestinal colonization.  
The F-actin assembly defect of an espFU mutant can be trans-complemented by a co-infecting 
bacterium.  
It is possible that the lack of a discernible colonization defect by the espFU mutant in 
competition assays could be explained by the ability of 905ΔespFU to take advantage of EspFU 
injected into epithelial cells by wild type 905. In fact, before the identification of EspFU, 
DeVinney and coworkers showed that whereas an EPEC strain expressing EHEC Tir could not 
generate actin pedestals in vitro, co-infection with an EHEC strain competent for type III 
secretion “trans-complemented” this defect (DeVinney et al., 2001b). To investigate whether 
such trans-complementation is due to EspFU, we co-infected HeLa cells with strains that were 
competent or incompetent for EspFU translocation. For ease of distinguishing the two strains 
with anti-O157 antiserum, we infected cells with TUV93-0, an (O157-positive) EHEC strain 
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competent for EspFU delivery, and KC12, an (O157-negative) EPEC strain that does not express 
EspFU and in which the endogeneous EPEC tir is replaced with EHEC tir (Campellone et al., 
2002). KC12 harboring pespFU, an EspFU–encoding plasmid, generates pedestals in a fashion 
mechanistically identical to canonical EHEC strains ((Campellone et al., 2002); Figure 1, row 2), 
but in the absence of EspFU, KC12 is incapable of efficient pedestal formation ((Campellone et 
al., 2004b); Figure 1, row 3). However, KC12 was able to form pedestals when co-infected with 
TUV93-0 (Figure 1, row 4). Interestingly, pedestal formation by TUV93-0 appeared diminished 
upon co-infection with KC12, suggesting that the co-infecting KC12 might be effectively 
sequestering translocated EspFU in this in vitro system (Figure 1, row 4 arrowhead). Trans-
complementation was dependent on EspFU, because no KC12-associated pedestals were 
observed upon co-infection with TUV93-0∆espFU (Figure 1, row 5).  These observations 
strongly suggest that EspFU, translocated into HeLa cells by TUV93-0, can promote pedestal 
formation by EspFU-deficient KC12.  
 In contrast to the EHEC espFU mutant, the EHEC tir mutant demonstrated a severe 
colonization defect in the competition assay in rabbits, suggesting that a tir mutant cannot be 
efficiently trans-complemented by Tir translocated by a co-infecting strain.  To test this, we 
utilized KC12∆tir/pespFU, a strain that cannot generate pedestals due to the lack of Tir (Figure 1, 
row 6).  Although co-infection with TUV93-0 resulted in detectable Tir-dependent localized 
actin assembly beneath KC12∆tir/pespFU (Figure 1, rows 7 and 8), indicating some degree of Tir 
trans-complementation, the intensity of F-actin assembly was significantly lower than that 
observed with trans-complementation by EspFU (compare Figure 1, rows 4 and 7, arrows). 
Whereas co-infection of TUV93-0 with KC12 appeared to diminish pedestal formation by 
TUV93-0, co-infection with KC12∆tir/pespFU did not, suggesting that KC12∆tir/pespFU did not 
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sequester Tir away from TUV93-0 to an extent sufficient to inhibit pedestal formation (Figure 1, 
row 7, arrowhead).  These results suggest the possibility that the absence of a colonization defect 
of the espFU mutant in the in vivo competition experiments described above might be explained 
by efficient in vivo trans-complementation of the espFU mutant by wild type bacteria also 
present in the rabbit intestine.  In contrast, the lack of efficient trans-complementation of tir may 
contribute to the severe colonization defect of the tir mutant observed in the in vivo competition 
experiments. 
In single infection experiments the espFU mutant is defective in intestinal colonization.   
To assess the role of espFU during animal infection without the potentially confounding 
effect of trans-complementation, we performed single infection experiments with the 905∆espFU 
mutant.  In these experiments, 3 day-old rabbits were oro-gastrically inoculated with 5x108 CFU 
per 90g rabbit weight of either 905 or 905∆espFU. Regardless of the infecting strain, all rabbits 
developed severe diarrhea and exhibited some degree of acute diffuse suppurative colitis, 
indistinguishable from that previously described (Ritchie et al., 2003) (data not shown), 
suggesting that espFU is not essential for the development of disease in this model.  Furthermore, 
two days post-inoculation, there were no differences in the number of 905 or 905∆espFU CFU 
recovered from ileal, cecal or mid-colon tissue sections or in the stool of 905- or 905∆espFU-
infected rabbits (Figure 3).  By 7 days post inoculation, the numbers of 905 CFU in all tissues 
sampled were significantly (P<0.01) greater than on day 2; in the ileum, cecum, and mid-colon, 
this increase was between 5- to 30-fold.  In contrast, a significant increase in the number of 
905∆espFU CFU was observed only in the ileum.  Thus, at this time point, colonization by 
905∆espFU was significantly impaired compared to 905 in the cecum (4-fold reduction, P≤0.05), 
mid-colon (6-fold reduction, P≤0.001), and stool (2-fold reduction, P≤0.05).  Together these 
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observations suggest that EspFU promotes robust EHEC colonization in the cecum and colon 
after the first 48 hours of infection.      
EspFU may increase the efficiency of, but is not absolutely required for, A/E lesion formation 
during piglet infection.  
Although gnotobiotic piglets are not a useful model to quantify EHEC intestinal 
colonization by viable counts (Tzipori et al., 1995), the absence of competing intestinal 
microflora allows EHEC to be readily visualized within the intestine, making this a particularly 
attractive system in which to examine the interaction between EHEC and the intestinal 
epithelium. We have previously utilized TUV93-0, a Shiga toxin-deficient derivative of the 
prototype sequenced O157:H7 strain EDL933, in piglet infections to analyze EHEC association 
with intestinal epithelia while avoiding the neurological complications that result from Shiga 
toxin expression (Brady et al., 2007).  Therefore, to examine whether EHEC mutants deficient in 
EspFU interact with the intestinal epithelium in vivo, TUV93-0 or isogenic derivatives lacking 
espFU or tir (Campellone et al., 2002) were orally inoculated into 1-day old gnotobiotic piglets.  
Two days later, a time point known to yield numerous AE lesions ((Brady et al., 2007); data not 
shown), intestinal tissue samples were removed and assessed for bacterial attachment by staining 
sections with hematoxylin and eosin (H&E). As previously observed with other EHEC strains 
(Tzipori et al., 1986), in much of the small intestine and throughout the large intestine, TUV93-0 
was closely associated with the host epithelium, appearing to disrupt the regular brush border 
observed in uninfected tissue (data not shown). In marked contrast, TUV93-0∆tir was not 
observed in close association with the epithelium (data not shown), as has been reported in 
previous studies using tir-deficient mutants in different experimental infection models (Sheng et 
al., 2006)(Deng et al., 2003)(Ritchie et al., 2003)(Marches et al., 2000b).  Bacterial attachment 
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in tissue samples from piglets infected with the espFU mutant appeared indistinguishable from 
that seen in samples taken from piglets infected with TUV93-0; thus, H&E staining of cross-
sections of piglet intestinal tissue did not reveal a gross defect in the ability of the espFU mutant 
to associate with epithelial cells in vivo at this time point.   
TUV93-0ΔespFU retains the ability to induce actin assembly on cultured monolayers but 
with significantly reduced efficiency compared with TUV93-0 (Campellone et al., 
2004b)(Garmendia et al., 2004).  To assess the ability of TUV93-0ΔespFU to generate A/E 
lesions in vivo, samples from infected piglets were analyzed using transmission electron 
microscopy.  In ileal samples, TUV93-0 was frequently associated with raised pedestals under 
which electron-dense material could be observed (Figure 3A).  Ileal samples from piglets 
infected with TUV93-0 ΔespFU also revealed some pedestals, albeit at what appeared to be a 
lower frequency than observed with TUV93-0. Many TUV93-0ΔespFU bacteria in these images 
appeared to be in close contact with the epithelium in the absence of regions of electron-dense 
staining characteristic of localized actin assembly (Figure 3B).  Infection with TUV93-0ΔespFU 
harboring a complementing EspFU-encoding plasmid resulted in restoration of high frequency 
pedestal formation (Figure 3C). Although there are clearly limitations inherent in the analysis of 
electron micrographs, our observations suggest that TUV93-0ΔespFU has a diminished capacity 
to generate actin pedestals in vivo; however since some pedestals were observed, our findings 
also indicate that EspFU is not absolutely essential for pedestal formation in vivo.   
EspFU promotes EHEC association with the intestinal epithelium in vivo  
Due to sampling variability during analyses of cross-sections of intestinal tissue, we 
sought an alternative method of assessing bacterial attachment to the host epithelium, and 
adapted a high resolution, in situ fluorescence-based imaging technique originally developed for 
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en face viewing of the vascular endothelium (Herman, 1987).  We applied fluorescent anti-O157 
antiserum to directly visualize the distribution of attached bacteria over relatively large (0.5cm 
by 0.5cm) mucosal segments, thereby avoiding some of the inherent sampling limitations of 
viewing thin sections prepared for microscopy.  Pilot experiments revealed that the cecum was 
the easiest intestinal segment to assess attached TUV93-0 (data not shown).  In these tissue 
samples, non-adherent bacteria could readily be distinguished from adherent bacteria by virtue of 
the fact that they were usually observed as individual cells and located out of the plane of focus, 
apparently suspended in the mucus layer. Consistent with this classification, TUV93-0Δtir was 
generally seen as isolated bacteria that were almost never observed in close apposition to the 
epithelium (data not shown).  In contrast, adherent TUV93-0 was routinely observed in 
aggregates in the same focal plane as the surface of the epithelial cells (Figure 4A).   
Comparison of cecal sections from piglets inoculated with TUV93-0 or TUV93-0ΔespFU 
revealed that there were much larger clusters of TUV93-0 present on the cecal epithelium 
(compare Figure 4A and 4B). In many sections, clusters of TUV93-0 cells covered most of the 
visible cecal surface, whereas TUV93-0ΔespFU cells were only observed as relatively small 
discrete foci covering less of the cecal surface.  These qualitative observations were corroborated 
by more quantitative analyses of these micrographs, in which the percentage of the cecal 
epithelial surface covered with bacteria was scored in a blinded manner (see methods).  In piglets 
from at least 2 independent experiments and in multiple cecal segments, the area of the cecum 
covered by TUV93-0 was significantly (P≤0.01) larger than that covered by the espFU mutant 
(Figure 4D).  This defect in epithelial colonization by the espFU mutant could be restored to 
wild-type levels by the introduction of a plasmid-borne copy of espFU into TUV93-0ΔespFU 
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(Figure 4C and 4D).  These observations suggest that espFU promotes EHEC association along 
the intestinal epithelial surface.   
Discussion 
 Intimate attachment of EHEC to the intestinal epithelium is well established as a 
requirement for EHEC pathogenesis, since mutations of intimin or Tir preclude EHEC 
colonization in experimental models of disease (Ritchie et al., 2003)(Tzipori et al., 
1995)(Donnenberg et al., 1993b).  However, uncovering the significance of actin assembly 
during pedestal formation has been elusive. By deleting espFU from EHEC, the role of intimate 
adherence mediated by intimin and Tir can be partially uncoupled from the function of robust 
actin polymerization, since EHEC∆espFU binds to cultured host cells at normal levels but 
exhibits a ~20-fold lower frequency of actin assembly into pedestals (Campellone et al., 2004b).  
While an EHEC espFU mutant does not exhibit a colonization defect in calves or lambs, two 
animal reservoirs (Vlisidou et al., 2006), we sought to examine the role of EspFU during 
infection using two complementary animal models for EHEC disease, rabbits and piglets. We 
found that EspFU had a significant influence on intestinal colonization in both systems and thus 
suggest a link between actin assembly and the pathogenesis of these extracellular bacteria.  
No defect in colonization by an EHEC espFU mutant was detectable when infant rabbits 
were co-infected with wild type EHEC (Table 1).  However, this observation could reflect trans-
complementation by EspFU injected into epithelial cells by the wild type strain during co-
colonization. Indeed, we demonstrated that EspFU trans-complementation occurs with high 
efficiency on cultured cells (Figure 1).  Such trans-complementation in the host cell does not 
appear to be a universal feature of EHEC type III secreted effectors, however.  For example, Tir 
from wild type EHEC is incapable of efficient trans-complementation during co-infection of 
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rabbits or cultured epithelial cells (Table 1 and Figure 1), and strains lacking the type III secreted 
effectors Map or NleD were not trans-complemented during co-infection experiments in calves 
(van Diemen et al., 2005)(Dziva et al., 2004). 
Importantly, when rabbits were singly infected with wild type or EHEC∆espFU, the 
mutant showed a moderate but significant colonization defect at day seven. Interestingly, no 
defect was observed in any segment of the intestine at day two, suggesting that EspFU does not 
play an important role in the establishment of infection in this model.  Consistent with this, 
during the competition experiments, when rabbits were co-infected with wild type and mutant at 
a dose (5 x 104/90 g body weight) close to the ID50, the number of rabbits that became 
predominately infected with the mutant (four of the 31 rabbits) was similar to the number that 
became predominately infected with the wild type strain.  Between day 2 and day 7, the wild 
type increased significantly in numbers in all segments of the intestine, whereas the mutant 
increased only in the ileum.  This late-stage defect contrasts with previous observations 
regarding the colonization of a different EHEC∆espFU strain in calves and lambs (Vlisidou et al., 
2006).  In the earlier study, neither single nor dual infection experiments of 11 to 15 days 
duration revealed a colonization phenotype for EHEC∆espFU at any time point, as reflected in 
the number of EHEC CFU found in stool. These disparate findings may be due to the differences 
in animal host species, the EHEC strain backgrounds, or experimental methodologies.  For 
example, the calf and lamb study monitored colonization by stool CFU.  In rabbits, both in 
previous studies (Ritchie and Waldor, 2005), and in the current study, we have found that 
colonization defects are usually more pronounced in tissue homogenates than in fecal material.  
Electron microscopic analysis of tissues from infected piglets revealed that EHEC∆espFU 
were intimately attached to the intestinal epithelium, but appeared to generate typical A/E lesions 
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at a diminished frequency relative to wild type.  This observation is consistent with studies 
indicating that EspFU dramatically increases the efficiency of pedestal formation on cultured 
cells (Brady et al., 2007). Nevertheless, the mutant was still occasionally associated with A/E 
lesions in piglets, consistent with the previous observation that an EHEC∆espFU mutant 
generated A/E lesions in bovine ligated ileal loops (Vlisidou et al., 2006) and with the relatively 
mild colonization defect of the espFU mutant in rabbits.  EHEC∆tir, which is completely 
incapable of generating A/E lesions, is severely defective for colonization.  That A/E lesions are 
associated with EHEC∆espFU during piglet infection reinforces the finding that mutants of A/E 
pathogens that are severely defective for pedestal formation in vitro may retain a significant 
ability to generate such lesions in animal models (Schuller et al., 2007)(Deng et al., 2003).  
Thus, EspFU-independent pathways for formation of A/E lesions may be induced in vivo, and we 
have observed that when EHEC is harvested from gnotobiotic piglets, its ability to translocate 
Tir and generate actin pedestals on cultured cells is enhanced [M.B., unpubl. obs].  The 
observation that C. rodentium attains a hyperinfectious state after passage through the murine 
intestine may reflect a similar adaptation to the host environment (Dahan et al., 2005). 
Our findings suggest that EspFU facilitates EHEC’s capacity to establish a larger niche in 
the rabbit intestine after initial steps in colonization have been achieved, since we observed that 
the EHEC∆espFU colonization defect was detectable after seven days (and not after two days) of 
infection.  We adapted an in situ fluorescence-based imaging technique originally developed for 
en face analysis of the vascular endothelium to investigate colonization of the lumenal surface of 
the piglet intestine to gain insight into how EspFU promotes bacterial colonization.   
Interestingly, we found that the 4-6-fold colonization defect in rabbits was similar to the 5-6-fold 
reduction in the area of cecal epithelium covered by discreet masses of attached bacteria in 
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piglets (Figure 4 and Table 2).  An EPEC strain expressing the Tir Y474F mutant that is 
diminished in its ability to stimulate actin assembly also appeared to generate smaller bacterial 
aggregates on human explants (Schuller et al., 2007), suggesting that actin assembly may 
promote EPEC’s capacity to occupy larger regions of the intestinal epithelium as well.  It is 
possible that EspFU-dependent actin assembly contributes to a more stable retention of bacteria 
initially bound to the intestinal epithelium by better ‘anchoring’ them to the intracellular 
cytoskeleton.  In addition, EspFU might also facilitate an expansion of primary colonization sites 
by promoting EHEC motility.  In fact, EPEC (Sanger et al., 1996), and to some extent EHEC 
(Shaner et al., 2005), move along the surface of cultured epithelial cells in an actin 
polymerization-dependent fashion, a process that could promote spread across the intestinal 
epithelium, similar to the spread of some viral pathogens (Goldberg, 2001).  Thus, an 
EHEC∆espFU mutant might be fully competent for initial epithelial binding, but be at least 
partially defective for cytoskeletal anchoring and/or subsequent cell surface movement, resulting 
in a smaller area of colonization and lower numbers of bacteria recovered at later time points of 
infection. By combining in vitro analyses of EHEC pedestal formation with the animal-based 
techniques described in this study, we can test these and other models of processes that 
contribute to intestinal colonization by A/E pathogens.    
 
 
  58 
Table 1.  Co-infection of an espFU mutant with wild type EHEC does not reveal a role for 
espFU in intestinal colonization.  
Expt Day Post-
infection 
Dosea strain C.I. valuesb in intestinal homogenates or stool samples:               
     ileum               cecum            mid-colon                stool            
∆lacZ 
1.13 
(0.56 – 2.30) 
0.99 
(0.55 – 1.76) 
1.34 
(0.65 – 2.74) 
1.10 
(0.57 – 2.14) 
∆tir 
2 x 10-3 c,*
(7x10-5–6x10-
4) 
3 x 10-5 * 
(1x10-5–7x10-
5) 
3x 10-4 * 
 (1x10-4–9x10-4) 
1x10-6 * 
 (6x10-7–2x10-6) I
 c 7 5x108
∆espFU
1.48 
(0.97 – 2.26) 
1.41 
(1.08 – 1.86) 
1.17 
(0.70 – 1.96) 
1.38 
(1.05 – 1.82) 
5 x 106 ∆espFU
1.20 
(0.95 – 1.53) 
1.25 
(0.99 – 1.58) 
1.25 
(0.99 – 1.57) 
1.27 
(0.94 – 1.70) 
II d 2 
5 x 104 ∆espFU
0.64 
(0.35 – 1.16) 
0.54 
(0.28 – 1.06) 
0.59 
(0.35 – 1.00) 
0.76 
(0.33 – 1.76) 
aTotal dose of 905 and its derivatives (i.e. 2.5 x 108 CFU per strain), adjusted to 90g rabbit 
weight. 
bC.I. (competitive index) is the ratio of mutant to wild type CFU recovered from indicated 
intestinal site following infection divided by the ratio of mutant to wild type CFU in the 
inoculum. Values marked with “*” were significantly (P≤0.05) different from those obtained 
from ∆lacZ co-infection in corresponding tissue segments, calculated using the Student’s t-test 
(two-way).    
c In experiment I, values are geometric mean (95% confidence interval) of 6 rabbits for ∆lacZ, 11 
rabbits for ∆tir and 11 rabbits for ∆espFU co-infection experiments. 
d In experiment II, 7 rabbits were tested at a dose of 5 x 106.  31 rabbits were tested at a dose of 5 
x 104; of these, 12 yielded neither wild type nor mutant, 5 yielded almost exclusively wild type, 
and 4 yielded almost exclusively ∆espFU.  In rabbits that yielded almost exclusively either one or 
the other strain, the very small number of colonies from the less frequently detected strain 
precluded an accurate calculation of the C.I., so the C.I. in the table was calculated from 
remaining 10 rabbits with significant colonization by both strains. 
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Figure 1.  Efficient trans-complementation by EspFU but not Tir during mixed infection on 
HeLa cells.  Infected monolayers were examined microscopically after staining with DAPI to 
visualize bacteria, anti-O157 antiserum to specifically detect EHEC strains and fluorescent 
phalloidin to detect F-actin.  HeLa cells were infected singly or in combination with the indicated 
strains.  In rows 4 or 7, large arrowheads on merged images indicate TUV93-0 or its derivatives; 
arrows indicate efficient (row 4) or inefficient (row 7) trans-complementation, i.e., sites of actin 
assembly associated with KC12 (anti-O157 negative bacteria).  
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Figure 2.  EspFU is associated with increased efficiency of colonization at day 7 post-
infection of infant rabbits.   905 or 905∆espFU were recovered from intestinal segments or 
stool samples from infected rabbits at 2 and 7 days post-inoculation.  Each point represents an 
individual rabbit and bars represent the geometric mean for each strain.  The level of wild type 
colonization differed significantly between day 2 and day 7 in the ileum (P≤0.01), cecum 
(P≤0.01), mid colon (P≤0.0001) and stool (P≤0.01), whereas the level of mutant colonization 
only differed significantly (P≤0.05) in the ileum, when analyzed by the Student’s t-test (two-
way). 
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Figure 3.  EspFU may increase the efficiency of, but is not absolutely required for A/E 
lesion formation during piglet infection.  Electron micrographs of the ileum of piglets infected 
with wild type (A), ΔespFU (B) or ∆espFU / pespFU (C).  Arrows show areas of electron-dense 
material.  Bars equal 1μm. 
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 Figure 4.   EspFU is associated with a larger size of clusters of attached bacteria. O157-
labeled bacteria adherent to the cecum of piglets infected with wild type (A), ∆espFU (B), and 
∆espFU / pespFU (C) –infected piglets.  Note the relatively small clusters of attached bacteria in 
(B).  Magnification: 63X.  Panel (D): Area of tissue colonized by O157-labeled bacteria divided 
by area visible with phalloidin staining expressed as a percentage.  aStrains are derivatives of 
TUV93-0.  bValues are mean ± standard deviation.  Data were compared using the Student’s t-
test (two-way) and considered significantly different (*) at P≤0.05.         
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CHAPTER IV 
ENTEROHEMORRHAGIC ESCHERICHIA COLI ENHANCES BINDING TO 
MAMMALIAN CELLS BY INDUCING LOCALIZED ACTIN ASSEMBLY  
Summary 
 Efficient microbial attachment to mammalian cells is thought to be an essential 
colonization step.  Enterohemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli 
(EPEC) likely utilize several mechanisms to attach to intestinal epithelium.  One pathway is 
mediated by Tir, an effector that is translocated to the mammalian cell by a type III secretion 
system, and that becomes localized in the plasma membrane to act as a receptor for the bacterial 
surface protein intimin.  In addition to promoting bacterial attachment, Tir-intimin interaction 
triggers localized assembly of filamentous actin beneath bound bacteria, resulting in the 
formation of lesions termed actin “pedestals”. Recent animal infection experiments revealed that 
the induction of actin assembly by EHEC promotes mammalian colonization, but the means by 
which colonization is enhanced is not known.  In the current study, we examined the Tir-intimin 
adhesion pathway in the absence of potentially redundant pathways by infecting mammalian 
cells with EPEC or EHEC intimin mutants that deliver Tir but cannot stably attach to host cells, 
and then challenging these “Tir-primed” monolayers with a laboratory strain of E. coli that 
expresses intimin but is otherwise incapable of mammalian cell binding.  We show that intimin-
mediated bacterial attachment is diminished by point mutants in the cytoplasmic domain of Tir 
that diminish actin pedestal formation, and by chemical inhibitors of actin assembly. By varying 
the allele of Tir translocated to mammalian cells and by delivery of a second effector that 
enhances Tir-mediated actin assembly, EspFU, we manipulated the degree of Tir-mediated actin 
assembly and found it to correlate with the efficiency of bacterial binding. 
Introduction 
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      The recognition of host cell receptors by bacterial pathogens leading to efficient 
microbial attachment to mammalian cells is a common theme and is considered an essential 
colonization step for many pathogens.  Bacterial pathogens typically express multiple, 
potentially functionally redundant cell binding pathways, a propensity that makes the 
identification and characterization of any single pathway problematic (Fischer et al., 2003). A 
number of chromosomally encoded adhesins have been described for EHEC and include 
curliated and long polar fimbriae, flagellin, OmpA, Iha, and Efa (Cookson et al., 2002; Dziva et 
al., 2004; Low et al., 2006; Nicholls et al., 2000; Tarr et al., 2000; Torres et al., 2002; Torres 
and Kaper, 2003; Torres et al., 2004; Uhlich et al., 2001, 2002)(Reviewed in (Spears et al., 
2006).   
 EHEC also possesses an ~35kb pathogenicity island, called the Locus of Enterocyte 
Effacement (LEE) that encodes components and effectors of a Type III Secretion system, as well 
as the adhesin intimin (eae).  Located within the same operon as eae is tir, encoding the 
translocated intimin receptor (Tir), which is a translocated effector that acts as a receptor for 
intimin.  Upon translocation into the host cell, Tir adopts a hairpin loop topology within the host 
cell membrane, exposing a central extracellular intimin binding domain (IBD), and N- and C-
terminal intracellular domains (Kenny, 1999).  
 The C-terminal domain of Tir contains at least two regions that trigger distinct pathways 
for pedestal formation (DeVinney et al., 2001a) (Campellone et al., 2002; Campellone and 
Leong, 2005; Campellone et al., 2006).  Tir proteins from both EPEC and EHEC possess an 
NPY sequence required for low-level actin pedestal formation (Brady et al., 2007).  For EPEC 
Tir, this inefficient actin signaling pathway is supplemented by utilizing another tyrosine (Y474).  
This residue is phosphorylated upon intimin binding and signals through the eukarytic adaptor 
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protein Nck. (Campellone et al., 2002; Gruenheid et al., 2001; Phillips et al., 2004).  In contrast, 
EHEC requires a second bacterial effector, EspFU, originally identified as an EspF-like molecule 
that can complement and EPECΔespF mutant for disruption of tight junctions (Viswanathan et 
al., 2004).  This effector was also shown to increase the efficiency of the TirNPY-mediated actin 
assembly (Brady et al., 2007; Campellone et al., 2004b; Garmendia et al., 2004). 
 EHEC mutants deficient in either Tir or intimin are equivalently (and completely) 
attenuated for actin pedestal formation in vitro and epithelial cell binding or intestinal 
colonization in vivo, suggesting that the primary function of intimin and Tir is to act as cognate 
receptor and receptor ligand (Campellone and Leong, 2005; Deng et al., 2003; Vlisidou et al., 
2006).  The role of actin assembly mediated by these two factors is less clear. Deliniation of the 
domains of Tir that are required for actin assembly but not for intimin binding and identification 
of the effector EspFU that promotes Tir-mediated actin assembly allowed investigators to 
distinguish the roles of Tir and intimin in promoting cell attachment from their role in promoting 
actin assembly (Campellone et al., 2002; Campellone et al., 2006; DeVinney et al., 2001a; 
Kenny, 2001; Liu et al., 1999).  Although the ability to efficiently induce actin pedestals in vitro 
did not influence colonization of Citrobacter rodentium in a mouse model or for an EHECΔtccp 
mutant in calves or lambs (Deng et al., 2003; Vlisidou et al., 2006), an EHECΔespFU mutant 
was 4 – 6 fold attenuated for colonization in a rabbit model of infection (see Chapter 3).  
Similarly, EHECΔespFU mutant displayed an approximately 5-fold defect in epithelial 
colonization of gnotobiotic piglets. This result suggests actin pedestal formation is a significant 
biological process.  However, the molecular mechanism by which actin assembly provides a 
colonization benefit is unclear. 
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 Recognizing intimin and Tir are essential for intimate adherence, actin pedestal formation 
and host colonization and that EspFU is important for pedestal formation and mammalian host 
colonization, we reasoned that localized actin assembly, mediated by Tir and EspFU, may 
promote Tir-intimin binding.  Therefore, we sought to study the requirements of Tir-mediated 
actin assembly on efficiency of binding intimin-expressing bacteria in the absence of other 
redundant adhesin pathways.  To isolate the Tir-intimin pathway, mammalian cell monolayers 
were infected with intimin mutants to deliver Tir molecules, gentamicin-treated and washed to 
remove EHEC and EPEC Tir delivery strains, and re-infected with an E. coli K-12 strain that 
expresses intimin but is devoid of other means of cell attachment.  By specifically studying the 
Tir-intimin adhesion pathway, we show that Tir-mediated binding of K-12 bacteria expressing 
intimin is diminished when monolayers were primed with Tir molecules that are defective for 
actin pedestal formation.  The addition of cytochalasin D yielded a similar defect in intimin-
mediated E. coli K-12 binding.  Finally, the relative contribution of each Tir-mediated actin 
assembly pathway in promoting intimin-mediated K-12 binding was determined. These data 
suggest that actin pedestal formation, initiated by Tir clustering, is required for optimal intimin 
binding.     
Experimental Procedures 
Strain Construction 
The EHEC, EPEC and K12 strains used in this study are listed (Table 2). We also sought to 
characterize the ability of EHEC strains expressing Tir point mutants deficient in promoting 
actin pedestals to colonize the mammalian host.  Given that plasmid stability during infection is 
unpredictable, and that plasmid expression may result in copy number artifacts, we utilized two 
rounds of lambda Red recombination to generate point mutations in the chromosomal EHEC tir 
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that alter the NPY sequence and are thus predicted to disrupt Tir-mediated actin assembly. 
Details of strain construction are as follows (See also Table 1); EHECΔtir::cat-sacB harboring 
an IPTG inducible plasmid encoding RED functions (pTP223) were transformed with PCR 
products generated using either WT (pKC16), Y458F (pKC234), Y458A (pMB30) or NPY456-
458AAA (pMB208) EHEC Tir plasmids as templates and a 
forward oligonucleotide 5’-
ATTATGTAATAGCAAAATAAAGGATTGTTATCTATTTACATAAAATAAAAAGGAGAT
ATTTATGCCTATTGGTAATCTTGGTC –3’ 
and a reverse oligonucleotides 5- 
GAATGAGAAATAAATTATATTAATAGATCGGATTTTATCTTCCGGCGTAATAATGTT
TATTGTCGCTTGAACTGATTTCC – 3’ as primers (Table 1).  Transformants were plated on 
10% sucrose agar plates.  Because high background levels of spontaneous sucrose resistant 
colonies were observed in this primary screen, individual colonies were tested on both LB agar 
and LB agar containing 10μg/mL chloramphenicol and to screen for loss of chloramphenicol 
resistance. Genomic DNA was prepared from positive clones and screened by PCR for the 
presence of full-length Tir using the above primers.  To sequence verify individual clones 
possessed the correct DNA insertion, the region surrounding tir was sub-cloned from the 
chromosome onto a TOPO vector (Invitrogen) and 3-4 clones were sequenced.  Clones with the 
correct DNA insertion were used for further characterization and shown to express Tir protein 
(data not shown) and possess the appropriate FAS phenotype (data not shown). 
Plasmid construction 
All plasmids are listed (Table 3). Site-directed point mutagenesis of HA-tagged EHEC Tir 
(pKC16) for use as template for EHEC Tir NPY 456-458 AAA knock-in was performed by PCR 
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using forward oligonucleotide 5’- 
AGCATAGGGACCGTGCAGGCTGCTGCTGCTGATGTTAAAACATCG – 3’ and reverse 
oligonucleotide 5’ – CGATGTTTTAACATCAGCAGCAGCAGCCTGCACGGTCCCTATGCT 
– 3’ as primers as previously described (Campellone et al., 2002).  To construct a high-copy 
number plasmid encoding EHEC eae (pHL6), EDL933 eae was cloned into pUC19 as previously 
described (Liu et al., 1999).  For Tir-bla fusion construction (pMB196), pMM83 (YopM-bla 
(Marketon et al., 2005)) was double digested with EcoRI and KpnI to remove YopM promoter 
and coding sequence.  A PCR product encoding WT EHEC tir with 222 nucleotides upstream of 
the start codon designed to possess convenient restriction sites was generated using forward 
primer 5’ – TTTGAATTCCCCGATGTGTGTTTTTAGC – 3’ and reverse primer 5’ – 
TTTGGTACCGACGAAACGATGGGATCC -3’ then sequentially and partially digested with 
EcoRI and KpnI, gel purified, ligated overnight and transformed into DH5α.  Plasmids isolated 
from transformants were screened by construct size, primer specific PCR, and EcoRI digestion 
profile.  To generate Tir-bla Y458A (pMB217), WT Tir-bla was subjected to mutagenic PCR 
using primers described previously (Brady et al., 2007). For both constructs, correct DNA 
sequence was confirmed by sequencing (Tufts Core Facility, Boston, MA). 
Bacterial and mammalian cell culture 
All E. coli strains (Table 2) were grown as described previously (Campellone et al., 2004b; 
Campellone and Leong, 2005). HeLa cells and WT MEF’s were cultured as described previously 
(Campellone et al., 2004b). For microscopic analysis, mammalian cells were grown, infected and 
assessed for filamentous actin staining (FAS) as described previously (Campellone et al., 2004b; 
Campellone and Leong, 2005). 
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Prime and Challenge 
For prime and challenge experiments, 2cm2 of confluent mammalian cell monolayers were 
infected with priming strains, ~ 1.5 x 107 cfu of EHECΔtir-cesT-eae for 5 hours or ~1.0 x 107 cfu 
of EPECΔtir-cesT-eae for 3 hours, treated with 50 mg/mL of gentamicin for 30 minutes, washed 
and re-infected with ~2 x 106 cfu of LB-grown K12 harboring a plasmid encoding GFP and 
another plasmid either as a vector control (pUC19) or expressing intimin (pHL6 for EPEC 
intimin or pHL10 for EHEC intimin).  For experiments performed in the presence of an inhibitor 
of actin assembly, cytochalasin D (0.2 – 10.0μM, Sigma) or DMSO control was added during 
K12/pGFP + pIntimin re-infection (after priming). 
Bla Translocation 
HeLa cells were infected with EHECΔtir harboring either WT EHEC Tir-bla or EHEC Tir-bla 
Y458A for 5 hours as previously described (Campellone et al., 2004b).  Infected monolayers 
were washed 4X with PBS and incubated for 1-2 hours at room temperature after addition of 1X 
CCF2-AM (Invitrogen) supplemented FAS medium. In this method, the activity of beta-
lactamase in host cells is detected through the use of a fluorescent substrate that possesses a 
coumarin moiety linked to a fluorescein by a beta lactam ring (CCF2-AM, Invitrogen).  For 
intact CCF2-AM, excitation of coumarin results in FRET to the fluorescein, resulting in the 
emission of a green fluorescent signal.  Cleavage of the beta-lactam ring by beta lactamase 
disrupts FRET and excitation of coumarin results in a blue fluorescent signal.  In the absence of 
beta lactamase activity, mammalian cells appear green, whereas cells infected with a strain 
capable of delivering this function, become blue over time, providing a simple measure of 
translocation. 
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Immunofluorescence Microscopy and Quantitation  
For prime and challenge experiments, K12/pGFP infected monolayers were washed, fixed and 
permeabilized prior to treatment with DAPI to identify DNA and phalloidin to detect F-actin.  
Quantitation of intimin binding and actin pedestal formation was performed by counting both the 
number of GFP expressing bacteria per field at 100X magnification (Figure 2 and 4) and the 
number of GFP expressing bacteria associated with F-actin pedestals per field.  Means (±SD), 
normalized to WT, from three independent experiments were then determined. Alternatively, 
intimin binding was assessed by counting the number of GFP expressing bacteria bound to 
primed HeLa cells (Figure 3B).  For translocation experiments, CCF2-AM treated HeLa cells 
were analyzed using a 20X objective with a beta-lactamase filter set (Chroma).  To assess 
translocation, the % of blue cells was estimated for 10 – 20 fields per experiment. For FAS 
experiments, HeLa cells were infected with EHEC or EPEC strains harboring myc-tagged 
EspFU, WT Tir-bla or Tir-bla Y458A, or WT or mutant HA-tagged Tir as previously described 
(Campellone et al., 2002; Campellone et al., 2004b).  For cytochalasin D experiments, DMSO or 
cytoD was added at the start of infection.  Fixed monolayers were treated with anti-myc to detect 
EspFU (1:250 in 1%BSA supplemented PBS, Santa Cruz), anti-Nck (1:200, Upstate 
Biotechnology), or anti-HA (1:500 in PBS, Covance) to detect Tir foci.  Infected monolayers 
were also treated with DAPI and phalloidin as previously described.  A qualitative assessment 
for the generation of Tir foci under stated conditions is shown (Figure 2C). 
Immunoblotting 
Preparation of bacterial cell lysates was performed as described previously (Campellone et al., 
2002; Campellone et al., 2004b).  Samples were resolved by 10% SDS PAGE prior to PVDF 
membrane transfer.  Membranes were blocked in PBS + 5% milk (PBSM) for 30 minutes before 
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treatment with mouse anti-bla (1:100, QED Bioscience), affinity purified rabbit anti-TirM 
(1:500; gift of A. Donahue-Rolfe), or rabbit anti-OmpA (1:5000; gift of Carol Kumamoto) for 2 
hours, washed and treated with secondary antibodies as described previously (Campellone et al., 
2004b; Campellone and Leong, 2005; Campellone et al., 2006).   
Results 
EHEC Tir Y458A, which is defective for actin pedestal formation, promotes intimin-mediated 
bacterial binding less efficiently that wild type.  
 A three-residue sequence, NPY, within the C-terminal cytoplasmic domain of EHEC Tir 
is critical for efficient actin pedestal formation (Brady et al., 2007). The inability of EHEC Tir 
NPY mutants to promote localized actin assembly does not appear to be due to a defect in 
translocation as assessment of the amount of serine phosphorylated Tir, a Type III translocation-
dependent modification (Allen-Vercoe et al., 2006b), appear equivalent compared to WT EHEC 
Tir (Brady et al., 2007).  To measure translocation in a second manner, we exploited a recently 
developed system that measures translocation of type III secreted effectors fused to beta-
lactamase (Bla) by detecting a change in the fluorescence of mammalian cells loaded with a 
fluorescent beta-lactamase substrate. An EHEC strain harboring a plasmid encoding either WT 
EHEC tir-bla (WT) or EHEC tirY458A-bla (harboring a Tir Y458A substitution) was used to 
infect HeLa cells.  The percentage of HeLa cells with evidence of the translocated Tir-Bla 
fusion, i.e. fluorescing blue, as a function of total HeLa cells was determined.  As shown, the 
percentage of HeLa cells fluorescing blue was indistinguishable whether monolayers were 
infected with EHEC delivering WT Tir-Bla or TirY458A-Bla (Fig. 1).  
Since an EHEC Tir construct possessing a point mutation critical for actin pedestal 
formation was not compromised for translocation, we next sought to determine the efficiency of 
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similar Tir constructs to act as a receptor for intimin-expressing bacteria.  While Tir mutants that 
are defective for triggering actin assembly do not display dramatic defects in intimin binding 
(Allen-Vercoe et al., 2006b; Brady et al., 2007), defects in intimin binding could be masked by 
the expression of redundant binding pathways.  To carefully assess the ability of EHEC Tir to 
promote binding of intimin-expressing bacteria in the absence of other, potentially confounding 
cell attachment pathways, mammalian cell monolayers were infected with intimin mutants of 
EHEC or EPEC to deliver Tir molecules into host cells.  The “Tir-primed” monolayers were 
gentamicin treated and washed to remove the priming bacteria and re-infected, or “challenged” 
with E. coli K-12 strains harboring either a plasmid encoding intimin or a control vector (Liu et 
al., 1999; Phillips et al., 2004).  To definitively distinguish challenge strains from any residual 
bacteria of the priming strain, the challenge strains also harbored a plasmid encoding GFP. 
Accordingly, EHECΔtir-cesT-eae harboring a plasmid encoding WT EHEC Tir was used to 
prime HeLa cell monolayers with Tir. Tir priming of host cell monolayers as well as expression 
of intimin by a challenge strain is required for binding, as, in the absence of initial priming or 
intimin expression, challenge strains exhibit very low levels of binding (Fig. 2A, left panel, Fig. 
2B, gray bars, data not shown). As expected, E. coli K-12/pGFP expressing intimin not only 
associated with WT Tir-primed HeLa cells, but also triggered the formation of actin pedestals 
(Fig. 2A, inset), 
Next, we assessed the ability of EHEC Tir mutants Y458F and Y458A, which are 
defective for actin pedestal formation, to promote binding of intimin-expressing bacteria.  
Microscopic examination showed approximately equivalent levels of binding for priming strains, 
whether delivering WT Tir or either Tir Y458 mutant (data not shown). As expected, few actin 
pedestals were observed on HeLa cells primed with Y458F (Fig. 2A, inset, data not shown), and 
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no actin pedestals were observed on cells primed with Tir Y458A (Fig. 2A, inset, data not 
shown). More importantly, HeLa cells primed with EHEC Tir Y458 mutants showed significant 
defects in the ability to bind intimin-expressing E. coli K-12 (Fig. 2B); HeLa cells primed with 
Tir Y458F promoted binding at ~50% of wild type levels, and cells primed with Tir Y458A 
promoted binding at ~25% of wild type levels, a rank order similar to the actin assembly defects 
for the respective Tir mutants (data not shown) (Brady et al., 2007).  
 One possibility to explain the reduced efficiency of Tir molecules compromised for 
localized actin assembly to bind intimin-expressing bacteria is that actin assembly is associated 
with better recruitment of Tir to sites of bacterial attachment.  To examine Tir recruitment to 
sites of bacterial attachment, we infected HeLa cells with an EHECΔtir strain harboring a 
plasmid encoding HA-tagged Tir and visually assessed clustering of Tir in the plasma membrane 
by immunofluorescence using an anti-HA antibody (Fig. 2C). As expected, these foci were not 
observed when cells were infected with EHEC strains incapable of type III secretion (i.e, 
EHECescN) or translocation (i.e., EHECespB or EHECespD; data not shown), or incapable of 
Tir binding (EHECeae; Fig. 2C right panel). The relative frequencies of Tir foci generated by 
HA-tagged wild type Tir, HA-TirY458F or HA-TirY458A, were visually scored. Assessment of 
multiple fields from multiple experiments (Fig. 2C, bottom) revealed that the Tir Y458F or 
Y458A mutants, which display reduced capacities for generating actin pedestals (Brady et al., 
2007) and mediating binding of intimin-expressing bacteria (Fig. 2 B), also displayed 
proportionally reduced capacities for generating Tir foci (Fig. 2C).   
Actin assembly promotes efficient intimin-mediated bacterial binding 
 The inability of EHEC Tir NPY mutants to promote efficient binding of intimin-
expressing bacteria suggested that actin assembly may provide Tir with an enhanced capacity to 
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bind intimin. To explore this possibility, we assessed the ability of Tir-primed monolayers to 
bind intimin-expressing bacteria in the presence of an inhibitor of actin assembly.  HeLa cell 
monolayers primed with WT EHEC Tir and treated with gentamicin were washed and re-
infected with K12/pGFP + pIntimin in the presence of increasing concentrations of cytochalasin 
D or DMSO control.  Cytochalasin D-treated monolayers showed a dose-dependent inhibition of 
E. coli K-12/pGFP + pIntimin binding (Fig. 3A-B), supporting a role for actin assembly in 
promoting efficient Tir-mediated binding of intimin-expressing bacteria.   
The efficiency of intimin-mediated bacterial binding correlates with the number of actin 
signaling pathways stimulated by Tir 
 Multiple pathways for localized actin assembly have been defined for EHEC and EPEC 
Tir (Campellone et al., 2002; Campellone et al., 2004b; Campellone et al., 2006; DeVinney et 
al., 2001a; Garmendia et al., 2004).  Tir molecules of both EHEC and EPEC possess an NPY 
sequence that promotes low-level, Nck-independent actin assembly (Allen-Vercoe et al., 2006b; 
Brady et al., 2007).   EHEC, but not EPEC, delivers a second effector, EspFU, which increases 
the efficiency of NPY-mediated pedestal formation.  Finally, EPEC Tir, but not EHEC Tir, 
possesses a sequence that includes TirY474 to promote efficient Nck-dependent actin pedestal 
formation.  The multiple components that contribute to actin assembly gave us the opportunity to 
correlate the number of actin assembly pathways triggered by Tir with the capacity of Tir to 
mediate binding of intimin-expressing bacteria.  Priming of mammalian monolayers with EHEC 
Tir by infection with an EPEC strain, which lacks EspFU, is predicted to stimulate only low level 
(NPY-mediated) actin assembly, and we found that monolayers primed in this manner promoted 
only limited binding of intimin-expressing bacteria (Fig. 4, leftmost black bar).  Delivery of the 
same EHEC Tir molecule by an EHEC strain, which also translocates EspFU, should promote 
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efficient (NPY- and EspFU-mediated) pedestal formation and approximately doubled the 
efficiency of intimin-dependent bacterial binding (Fig. 4, leftmost gray bar).  Similarly, when 
actin assembly was mediated by EPEC Tir which harbors both NPY and Y474, the level of 
intimin-mediated bacterial binding was approximately doubled (Fig. 4, rightmost black bar). 
Interestingly, Whale et al identified atypical EPEC strains that possess both a Tir molecule with 
Y474 as well as an EspFU homologue and that can generate pedestals utilizing the Nck-
dependent and Nck-independent pathways (Whale et al., 2006).  We also have noted an EPEC 
strain artificially expressing EspFU recruits both EspFU and Nck and generates robust pedestals 
(data not shown).  When an EHEC priming strain was used to deliver EPEC Tir, thereby 
promoting actin pedestals via Y474, NPY, and EspFU, there was an approximately 6-fold 
increase in binding of intimin-expressing bacteria (Fig. 4, rightmost gray bar).  Thus, the relative 
efficiency of intimin-expressing bacterial binding correlated with the number of actin assembly 
pathways stimulated.  
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Discussion 
 Intimin and Tir are essential factors for successful mammalian host colonization by A/E 
pathogens and promote intimate attachment of the bacteria to the host cell and actin pedestal 
formation.  However, actin pedestal formation does not appear to be absolutely required for 
efficient cell binding in vitro, as numerous studies have failed to detect a binding defect for 
EHEC and EPEC strains unable to generate actin pedestals on a number of distinct mammalian 
cell types (Allen-Vercoe et al., 2006b; Brady et al., 2007; Campellone et al., 2002; Campellone 
et al., 2004b; Cantarelli et al., 2006; DeVinney et al., 2001a). The presence of poorly 
characterized redundant adhesion pathways might mask a role for actin assembly in promoting 
Tir-mediated bacterial attachment.  To assess Tir-mediated binding of intimin-expressing 
bacteria in isolation, we exploited the prime and challenge assay, and demonstrated that Tir-
mediated actin assembly promotes binding of intimin-expressing bacteria.  First, monolayers 
primed with WT EHEC Tir were more efficient for binding intimin-expressing bacteria than 
equivalent monolayers primed with Tir molecules defective for actin pedestal formation.  
Second, the defect in binding intimin-expressing bacteria could be reproduced by treating primed 
monolayers with cytochalasin D, an inhibitor of actin assembly.  Third, the efficiency of binding 
intimin-expressing bacteria increased with the number of available pathways for Tir-mediated 
actin assembly.  Our data are consistent with another study in which mammalian cell monolayers 
primed with EPEC Tir Y474F was 80% defective for binding intimin-expressing bacteria 
compared to monolayers primed with WT EPEC Tir (Phillips et al., 2004). Given that Tir-
mediated actin assembly requires engagement by intimin-expressing bacteria and in turn appears 
to promote stable bacterial attachment, actin assembly and bacterial binding by AE pathogens 
such as EHEC and EPEC appear functionally interdependent. 
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 The mechanism by which actin assembly promotes Tir-intimin binding is not clear.  
Actin assembly does not appear to be required for translocation, as Tir Y458 was translocated 
with WT efficiency into mammalian cells (Figure 1).   It seems more likely that Tir-mediated 
actin assembly promotes increased affinity or avidity of Tir to intimin.  Actin assembly may 
cause a conformational change in Tir to promote increased binding of intimin expressing 
bacteria.  For example, the location of the domain within Tir that initiates actin assembly may be 
important, since the two distinct pathways of actin assembly by EHEC and EPEC originate from 
approximately the same location within the Tir molecule, separated by only twenty residues.  
The site of actin assembly initiation may transduce a conformational change in the intimin 
binding domain of Tir that results in higher affinity for intimin.  Further, since at least two 
distinct pathways for actin assembly, i.e., those mediated by Nck or EspFU, promoted a similar 
increase in the efficiency of intimin-mediated bacterial binding, the precise mechanism of actin 
assembly may not be critical for promoting bacterial attachment.  One might test this by 
replacing the region within EHEC or EPEC Tir required for actin pedestal formation with a 
unique effector domain (bacterial, viral or eukaryotic) that can trigger actin assembly and assay 
for improved ability to bind intimin-expressing bacteria.  
 Alternatively, actin assembly may promote increased avidity of Tir to intimin.  One can 
imagine an increase in avidity through facilitating the movement of Tir from the cytoplasm to the 
membrane or by diminishing the turnover of surface exposed Tir.  A number of signaling 
pathways activated in response to EHEC and EPEC infection have been defined (Dean and 
Kenny, 2004; Kenny et al., 2002).  One common consequence of pathway stimulation by host 
cell receptors is internalization and transport through the endocytic pathway.  In the absence of 
Tir-mediated actin assembly, the signaling cascades stimulated by Tir engagement could trigger 
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endocytosis of Tir.  Consistent with this model, Tir mutants defective for actin assembly 
generated fewer numbers of detectable Tir foci (Fig. 2C) and these foci were of diminished 
intensity (data not shown).  Cytochalasin D or disruption of the espFU gene had a similar effect 
on Tir foci generated by EHEC expressing WT HA-Tir (data not shown). Tir-mediated activation 
of the actin assembly may inhibit Tir endocytosis.  Surface ELISA using an antibody directed 
against the extracellular domain of Tir or recombinant intimin is a simple method to examine 
surface exposed Tir as well as the functionality of surface exposed Tir.  This approach, 
supplemented with the use of small molecule inhibitors of membrane trafficking, may reveal any 
role for actin assembly in Tir surface expression.  
 An increase in avidity of Tir to intimin as a consequence of actin assembly could also be 
due to an actin network that acts to facilitate clustering of Tir beneath intimin-expressing 
bacteria.  Since intimin homodimerizes in the bacterial membrane and Tir homodimerizes in the 
host cell membrane, an ordered lattice of bound intimin-Tir may form at the interface between 
the bacterium and mammalian cell.  The formation of this lattice may be facilitated by actin 
assembly and in turn facilitate stable attachment. 
 Alternatively, intimin-Tir mediated actin assembly may “anchor” a relatively weak 
binding interaction by physically linking an extracellular pathogen with a network of 
intracellular host cell proteins and protein complexes.  A testable prediction of this model is that 
bacteria bound to a host cell in a Tir-dependent manner requires greater force to detach when 
also associated with an actin pedestal, a possibility we are exploring (M.B., G. Hecht, unpub). 
 Our results using an artificial system that uncouples Tir-mediated intimin binding from 
other redundant adhesion pathways suggests that the defect of EHECΔEspFU to efficiently 
colonize infant rabbits might be due to inefficient intimin binding.  Remarkably, the magnitude 
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of the colonization defects in rabbits (four to six fold) for EHECΔEspFU is approximately 
equivalent to the defect in binding of intimin-expressing bacteria observed in EHEC Tir mutants 
defective for pedestal formation (approximately four fold).  The observation that EHECΔespFU 
is defective for colonization in infant rabbits, but not in calves and lambs, suggests that animal 
models can have a significant influence on the ability to detect relatively subtle colonization 
phenotypes, a defect that may be related to efficiency of intimin binding. 
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Table 1. Knock-in strain construction
Chloramphenicol 
sensitive / total 
 
Tir Clones/clones tested 
Transformed with 
EHEC Tir PCR 
Product Agar1 Broth2 Tir3 Sequence Verified 
- 0/58 NT NA NA 
WT 6/80 4/6 2/2 2/2 
Y458F 43/290 13/18 3/3 2/2 
Y458A 26/340 18/26 8/8 2/2 
NPY456-458AAA 75/340 20/21 10/10 2/2 
 
 
1 The number of transformants on 10% sucrose plates were too numerous to count so individual 
colonies were stabbed onto LB agar plates and LB agar plates containing 10μg/mL of 
chloramphenicol. 2 Loss of chloramphenicol resistance was re-tested in L broth supplemented 
with 10μg/mL chloramphenicol. 3 Positive clones were tested for the presence of full-length Tir 
by PCR.
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Strains Description Reference 
TUV93-0 Stx- derivative of EDL933 Campellone et al. (2002) 
KC5 EHEC TUV93-0 tir (in frame removal of codons 24-543) Campellone et al. (2002) 
MB1 KC5 EspFu::cat (in frame replacement of codons 18-368) Campellone et al. (2006) 
KM61 EHEC TUV93-0 tir-cesT-eae Murphy & Campellone (2003) 
KC3 EHEC TUV93-0 tir::cat-sacB Murphy & Campellone (2003) 
JPN15/pMAR7 Ampr derivative of EPEC O127:H6 strain E2348/69  Jerse et al. (1990) 
KC10 EPEC tir-cesT-eae Campellone et al. (2004) 
MC1061 E. coli K-12 F-
 
(ara leu) (lac) X74 galE galK hsdR rpsL M. Casadaban 
MB43 Chromosomal knock-in of WT EHEC Tir in KC3 (WT EHEC) This study 
MB44 Chromosomal knock-in of WT EHEC Tir in KC3 (WT EHEC) This study 
MB51 Chromosomal knock-in of EHEC Tir Y458F in KC3 (EHEC Y458F) This study 
MB53 Chromosomal knock-in of EHEC Tir Y458F in KC3 (EHEC Y458F) This study 
MB60 Chromosomal knock-in of EHEC TirY458A in KC3 (EHEC Y458A) This study 
MB62 Chromosomal knock-in of EHEC TirY458A in KC3 (EHEC Y458A) This study 
MB78 Chromosomal knock-in of EHEC Tir 456-458 NPY-AAA in KC3 (EHEC NPY456-458AAA) This study 
MB82 Chromosomal knock-in of EHEC Tir 456-458 NPY-AAA in KC3 (EHEC NPY456-458AAA) This study 
 
Table 2. Strains used in this study.
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Plasmid Description Source or Reference 
Vectors  
pK184 Low copy number cloning vector  Jobling & Holmes (1990) 
pKC469 Myc-tagged pK184 derivative Campellone et al (2004) 
pUC19 High copy number cloning vector, AmpR Yanish-Perron et al. (1985) 
   
Complementation Plasmids   
pKC16 N-terminal HA epitope tagged EHEC Tir and CesT (pK184 derivative) Campellone et al. (2002) 
KC234 pKC16 derivative produces EHEC HA-Tir Y458F Brady et al. (2007) 
pMB30 pKC16 derivative produces EHEC HA-Tir Y458A Brady et al. (2007) 
pMB208 pKC16 derivative produces EHEC HT-Tir NPY 456-458 AAA This study 
pKC17 N-terminal HA epitope tagged EPEC Tir and CesT Campellone et al. (2002) 
pKC471 Produces myc-tagged EspFu (pKC469 derivative) Campellone et al. (2004) 
   
Challenge Strain Plasmids 
pHL10 Produces EHEC eae (pUC19 derivative) This study 
pHL6 Produces EPEC eae (pUC19 derivative) Liu et al. (1999) 
pKC561 Produces GFP This study 
   
In-frame Bla fusion constructs 
pMB196 Produces WT EHEC Tir with C-terminal (pMM83 derivative, Marketon, 2005) This study 
pMB217 Produces EHEC Tir Y458A (pMB196 derivative) This study 
   
 
 RED- mediated allelic exchange plasmid 
pTP223 Produces  -gam-bet-exo downstream of lac promoter Murphy & Campellone (2003) 
 
 
Table 3. Plasmids used in this study
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 Figure 1. EHEC Tir Y458A is translocated with wild type efficiency.  
(A) Translocation efficiency of HeLa cells infected with WT EHEC harboring plasmids 
encoding Tir fused to β-lactamase reporter (WT) or an equivalent mutant defective actin pedestal 
formation (Y458A) was determined microscopically after CCF2-AM substrate loading. Blue 
cells indicate Tir-bla translocation. (B) Shown are % means of HeLa cells infected with the 
indicated strains that fluoresce blue from three independent experiments (normalized to WT 
values ± SD).  
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 Figure 2. EHEC Tir Y458 mutants promote intimin-mediated bacterial binding with 
reduced efficiency.  
(A) Bacterial binding was assessed of HeLa cells infected “Challenge Strain” (MC1061, left 
panel) harboring a plasmid encoding GFP and a plasmid encoding intimin (pIntimin). 
Monolayers were examined microscopically after staining with fluorophor-conjugated phalloidin 
to detect F-actin.  HeLa cells were infected with priming strains to deliver WT Tir or Tir Y458 
mutants, gentamycin treated to kill priming strains, and re-infected with challenge strains. 
Monolayers were prepared as in A and examined microscopically to assess function of delivered 
Tir or Tir mutant by actin pedestal formation (see inset) and intimin binding of vector only or 
intimin-expressing K12/pGFP (right panels).  
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 Figure 2. EHEC Tir Y458 mutants promote intimin-mediated bacterial binding with 
reduced efficiency.  
 (B) The number of GFP expressing bacteria harboring either vector only (gray bars) or a 
plasmid encoding intimin (black bars) per high-powered field was quantitated and normalized to 
WT Tir-primed HeLa.  Shown are the means of three independent experiments (+/- SD). (C) 
HeLa cells were infected with EHECΔtir harboring HA-tagged WT EHEC Tir (WT), EHEC Tir 
Y458F (Y458F) or EHEC Tir Y458A (Y458A) or EHECΔtir-cesT-eae with HA-Tir (WT) and 
examined microscopically for the generation of Tir foci at sites of bacterial attachment.  White 
dots indicate sites of Tir foci.  The relative frequency of Tir foci generated by each Tir mutant 
and EHEC genotype is indicated below. 
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 Figure 3. Actin assembly is required for efficient Tir-mediated intimin binding.  
(A) Prime and Challenge experiment in which HeLa cells were infected with priming strain 
(EHECΔtir-cesT-eae) harboring WT HA-tagged Tir, gentamicin treated, and re-infected with 
challenge strain (MC1061/pGFP + pIntimin) in the presense of DMSO control (left column) or 
increasing amounts of cytochalasin D (right columns).  Monolayers were examined 
microscopically as in Fig. 2A.  Bottom panel shows merged images of F-actin staining (red, 
middle panel) and GFP fluorescence (green, top panel).  Yellow indicates co-localization of F-
actin with GFP bound bacteria. (B) The number of GFP bound bacteria per primed HeLa cells 
was quantitated for each concentration of cytochalasin D.  At 0.2μM, equivalent binding to 
DMSO control was observed (see panel B).  
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Figure 4. The intimin binding function of Tir is modulated by multiple actin assembly 
pathways. Prime and challenge experiment in which fibroblasts were infected with the priming 
strains EPECΔtir-cesT-eae or EHECΔtir-cesT-eae harboring a plasmid encoding either HA-
tagged EPEC or EHEC Tir, gentamicin treated, and re-infected with challenge strains expressing 
the appropriate, cognate intimin.  Monolayers were examined microscopically.  Shown is the 
number of GFP bound bacteria per field normalized to fibroblast primed with EPECΔtir-
eae/pEHEC Tir.  Indicated below are the relevant actin assembly factors present within each 
experimental system.  Data for this figure provided by Kenneth Campellone, PhD.  
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CHAPTER IV 
 
DISCUSSION 
 
Tir NPY sequence 
 
 The identification of a 12-residue region within the C-terminus of EHEC Tir provided an 
opportunity to define specific residues criticial for localized actin assembly (Campellone et al., 
2006).  Subsequent mutagenesis studies within this region revealed three consecutive amino 
acids, N456, P457, and Y458 (NPY) are essential for actin pedestal formation.  An identical 
sequence is present in EPEC Tir and shown to be required for low-level,Nck-independent actin 
pedestal formation.  Additionally, in the absence of Nck-dependent actin assembly, NPY is 
critical for robust pedestal formation by EPEC strains artificially expressing EspFU.   The 
significance of this sequence is highlighted by the fact that NPY is present in all sequenced Tir 
molecules (Thomas Whittam, personal communication).  The conserved nature of NPY and the 
importance of actin assembly in vivo suggest that distinct mechanisms of robust actin pedestal 
formation by EHEC and EPEC may have evolved to supplement a low-level, NPY-mediated 
actin assembly capacity.  To bolster low-level NPY-mediated actin assembly, the Tir molecules 
from canonical EPEC strains acquired a Nck-binding Y474 sequence, whereas EHEC acquired 
EspFU through phage transduction. 
 The NPY sequence of EHEC and EPEC Tir appear functionally equivalent, although 
there is at least one significant difference.  EPEC Tir Y454 is tyrosine phosphorylated 
(Campellone and Leong, 2005), albeit weakly, and is a modification important for low-level 
actin assembly whereas no evidence for phosphorylation of EHEC Tir Y458 has been reported 
(Allen-Vercoe et al., 2006b; Brady et al., 2007).   However, a conservative substitution of EHEC 
Tir that prevents phosphorylation, Y458F, moderately compromises actin assembly and we 
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cannot exclude the possibility that EHEC Tir is tyrosine phosphorylated but to levels that remain 
undetectable.  Alternatively, the NPY sequence of EPEC Tir occurs in a slightly different context 
from EHEC Tir and may account for the apparent distinction in tyrosine phosphorylation. 
 Interestingly, the significance of Tir NPY-mediated actin signaling may not be limited to 
A/E pathogens as other organisms possessing secretion systems also contain genes encoding 
proteins with a tyrosine(s) in a similar context (Table 1).  For example, Bartonella henselae is an 
invasive, zoonotic pathogen that translocates effector molecules through a Type IV secretion 
system.  Bartonella-translocated effector proteins (Beps) A-G have been identified and shown to 
be required for the formation of F-actin rearrangements associated with invasome-mediated 
invasion (Schulein et al., 2005).  Of interest, BepD has repeat peptide motifs containing a 
conserved tyrosine in the N terminal region, is tyrosine phosphorylated by the host upon 
translocation and has a consensus sequence identical to EPEC Tir Y454 – 458 (Schulein et al., 
2005)(Table 1).  In addition, a hypothetical protein of Pseudomonas syringae (YP_237786), the 
prototype organism for Type III secretion, shares significant homology with EHEC Tir through 
the NPY region (Table 1).  While these protein(s) are largely uncharacterized, it will be 
interesting to see if the homologous tyrosines are important for any actin assembly function. 
Table 1. Alignment of Tir proteins with homologous bacterial proteins 
P. syringae YP_237786 S S I T T V E N P Y Y V L D 
EHEC Tir S S I G T V Q N P Y A D V K 
EPEC Tir S S S - E V V N P Y A E V G 
B. henselae BepD R P Q K P L E P L Y A E V G 
 
 
A Putative Host Protein Linking Tir NPY to EspFU
 
 The observations that Tir and EspFU are required for efficient pedestal formation by 
EHEC, co-localize at sites of bacterial attachment and form a complex in vivo suggested these 
two bacterial factors may directly bind once translocated into the host cell.  However, numerous 
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attempts at demonstrating a direct interaction have been unsuccessful (K. Campellone, M.B., 
unpub. obs.).  Further, artificial clustering of Tir on mammalian cells ectopically expressing Tir 
and EspFU is sufficient to induce localized actin assembly and led to the hypothesis that some 
eukaryotic host factor(s) physically links these two bacterial effectors.  In our simplest model for 
Tir NPY mediated actin signaling, intimin binding promotes Tir oligomerization and the binding 
of some host protein or protein complex in an NPY dependent manner.  However, protein 
domains that recognize an NPY motif have not been described.  One possibility is the EH 
domain that specifically recognizes NPF motifs (Mayer, 1999).  Consistent with the requirement 
of some host factor(s) to associate with the host cell membrane and interact with Tir NPY, a 
number of proteins involved in membrane trafficking processes possess EH domains (Naslavsky 
and Caplan, 2005).  
 Interestingly, a protein from Saccharomyces cerevisiae, sla1p, recognizes an NPFxD 
motif, a sequence almost identical to EHEC Tir, NPYAD, and is involved in membrane receptor 
internalization (Warren, 2002].  The domain within Sla1p that recognizes NPFxD has been 
mapped and termed Sla1p homology domain (SHD1).  Recognizing that an EHEC Tir NPFAD 
mutant still retains actin assembly function, SHD-containing proteins are attractive candidates 
for the putative protein(s) that link Tir to EspFU.  However, the SHD1 within Sla1p appears 
unique and has not allowed the identification of any obvious human homologues on the basis of 
primary sequence.  Based on function, Cin85 and CD2AP have been cited as putative human 
homologues of Sla1p. ,  
 To evaluate the potential role of Cin85 and CD2AP and other candidate proteins in 
pedestal formation, we looked for recruitment of these proteins to sites of actin pedestal 
formation using immunofluorescence microscopy. No evidence of recruitment to sites of actin 
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assembly was observed for Cin85 and while robust recruitment of CD2AP was seen at cleavage 
furrows of mammalian cell undergoing division, only a faint hint of recruitment to sites of actin 
pedestals was observed (reported as negative, see Table 2). Another mammalian protein 
candidate, Intersectin, possesses similar function to Sla1p and remains an intriguing candidate 
(Mahadev et al., 2007). A complete list of candidate screening by immunofluoresence is listed 
(Table 2). 
Table 2. Recruitment of host factors to actin pedestals 
Recruitment to Pedestals  
Candidate 
 
Function or characteristics EHEC EPEC 
Dynamin GTPase/Scission + + 
PAK1 S/T Kinase + + 
PAK1* S/T Kinase + + 
Y-PO4 Y-PO4 (tyrosine phosphorylation) + (KC12/pFu) + 
Cortactin Actin Bundling/NPF + + 
Wave 1/2 NPF recognition - - 
EPS8 PTB + SH3 domain - NT 
EPS15 Endocytosis - - 
Clathrin HC Endocytosis - - 
PLCg Ca++ signaling - NT 
Myosin 9 Motor + Base + Base 
Amphiphysin Endocytosis - - 
CD2AP Sla1p homologue - - 
CIN85 Sla1p homologue - - 
C-Cbl Ubiquitin Ligase - - 
p130CAS Adapter - NT 
Crk Adapter - NT 
*Activated PAK1 
 
While these studies are limited by the absence of a postive control in most cases, the approach 
remains a simple test for recruitment to sites of actin pedestal formation. 
Requirement and function for localized actin assembly 
 The requirement for intimin and Tir in mammalian host colonization by A/E pathogens is 
well established.  However, the function of localized actin assembly mediated by intimin Tir 
interaction was obscure.  Vlisidou et al were unable to detect a host colonization defect by an 
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EHEC mutant deficient for actin pedestal formation (ΔTccp), in calves and lambs in co-infection 
experiments with WT EHEC.  Single infection experiments in lambs also showed no significant 
difference in colonization (Vlisidou et al., 2006), as measured by colony counts per gram of 
feces. A study by Deng et al showed a Citrobacter rodentium tir mutant complemented with a 
plasmid encoding Tir Y471F, a mutation that abrogates robust actin assembly in vitro, was still 
able to colonize mice at levels statistically indistinguishable from a tir mutant complemented 
with WT Tir (Deng et al., 2003). The first evidence for the significance of localized actin 
assembly for animal colonization came from studies using an infant rabbit model.  In these 
studies, EHECΔespFU showed no colonization defect at post-infection day 2, but was 4 – 6 fold 
defective for colonization in specific tissue segments at post-infection day 7.  In addition, the 
number of bacteria per gram of feces was approximately 2 fold decreased at this time point 
(Thesis chapter III).  Upon infection of gnotobiotic piglets, aggregates of EHEC were visualized 
bound to the intestinal epithelium, and the size of the aggregates was approximately six-fold 
smaller for EHECΔespFU compared to wild type EHEC.  These data support a role for actin 
pedestal formation in vivo.  However, EspFU also functions to disrupt tight junctions (TJ) in vitro 
(Viswanathan et al., 2004), a Tir-independent phenotype, and we  cannot exclude the possibility 
that the defect of an EHECΔespFU mutant to efficiently colonize rabbits and piglets is due to a 
function of EspFU in TJ disruption.  To further address the role of actin pedestal formation in 
colonization, we generated EHEC mutants that possess EspFU but are defective for actin 
assembly in vitro by crossing the tir mutations Y458F or Y458A onto the chromosome of 
EHECΔtir::cat-sacB.   Future studies using these mutants should further elucidate the 
requirement of actin pedestal formation on host intestinal colonization. 
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Perhaps Tir-mediated actin assembly is important to promote Tir-mediated intimin 
binding, a requirement for maximal colonization of mammalian hosts.  Indeed, preliminary 
studies comparing the ability of WT EHEC Tir to EHEC Tir mutants defective for actin pedestal 
formation show a significant defect in their ability to bind intimin-expressing bacteria.  This 
observation is supported by similar studies in which WT EHEC Tir, in the presence of 
cytochalasin, and EPEC Tir Y474F are similarly defective for binding intimin expressing 
bacteria [thesis, Chapter 4; Phillips, 2004].  However, the mechanism underlying this observation 
is not clear.  To explore the means by which Tir-mediated actin assembly promotes Tir-mediated 
binding of intimin expressing bacteria, an understanding of the relative amount of Tir molecules 
present in the cell membrane after translocation is required.  ELISA and/or cell fractionation 
methods of monolayers primed with WT or mutant Tir molecules should prove informative. If 
surface expression levels are equivalent, then we can explore models of how Tir-mediated actin 
assembly allows efficient binding of intimin expressing bacteria as an event post-membrane 
insertion. 
A host cell process that involves actin assembly and may promote membrane presentation 
of Tir is endocytosis.  Targeting membrane proteins to endocytic vesicles occurs via 
internalization signals present within cytoplasmic regions of activated transmembrane receptors 
that recruit specific adaptor molecules.  Sla1p, mentioned above, is a specialized adaptor protein 
that recognizes NPFxD motifs and is required to generate cortical actin patches at sites of 
endocytosis in yeast.  Since actin assembly is required for endocytosis and the NPY sequence 
mimicks an internalization signal, perhaps NPY functions to recruit endocytic as well as actin 
assembly machinery to Tir.  The presence of Nck-binding Y474 or EspFU subverts a normal 
endocytic event and instead, exploits the recruitment of proteins involved in actin assembly to 
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generate actin pedestals.  Tir molecules that possess NPY but do not contain a Nck-binding Y474 
or in the absence of EspFU may become internalized, a result consistent with the observation that 
Tir molecules deficient for actin assembly generate less Tir foci than Tir molecules competent 
for pedestal formation.  Alternatively, robust actin assembly may prevent Tir receptor 
internalization.  Indeed, studies using an actin pedestal deficient strain of EHEC (ΔEspFU) appear 
to show increased piglet enterocyte internalization (data not shown).  While interesting, 
additional studies are required to test the verity of this model 
 Conclusions and Future Work 
Many pathogens exploit the host actin assembly machinery for virulence.  As such, pathogens 
can be a useful probe. The capacity to induce actin structures by using pathogenic bacteria, like 
EHEC and EPEC, provides a unique opportunity to study the molecular basis of actin dynamics 
in a tractable system.  Undoubtedly, further characterization of the mechanism of EHEC and 
EPEC Tir-mediated actin pedestal formation will provide new insights into fundamental host-cell 
pathways. 
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